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I Preface 


\ 

I Tilt firit three editions of this textbook were pub- 
lislu'd in 1979, 1986 and 1992, and I trust that tliis 
new one, necessitated by so many advances both in 
I fact and theoiy, will retain its function as a course 
' text for students of palaeontology from their second 
j year onwards. 1 have made substantial changes to 
Chapters 1-3,7,8 and 12, and the Trace Fossils sec¬ 
tion has been transferred from Chapter I to the last 
chapter. All the other chapters have been revised to 
I a greater or lesser extent. I have redrawn about half 
of the illustrations: a singularly congenial occupation 
i for long winter evenings, and 1 hope that these will 
I prove of value in helping students to understand the 

anatomy and temiinology of fossil mvertebrates. 

Key words appear in bold at their first mention in 
the text. There is no specific index for them, but 
)i they appear in the General Index. 

1 As before, I wish to thank all my friends, col¬ 
leagues and family who have given me such assist¬ 
ance in preparing this new edition. Derek Briggs, 
Colin Scrutton and Rachel Wood gave exceUent 
advice at the beginning of the project as to how 1 
should proceed with the fourth edition, and 1 have 
taken on board most of their suggestions. As alw'ays, 
] these coUeagues, together with David Harper, Peter 
1 Sheldon, Susan Rigby, Liz Harper, Dick JefFcrics, 
John Cope, Alan Owen and various others have 
helped me at all stages, and so have many others, too 
numerous to mention, m my own country and 
abroad, and my thanks arc due to all. 

1 would like, above all, to record my heartfelt 
thanks to my true and stalw'art friend Cecilia Taylor, 
■ for all the support and helpful suggestions she has 


given me at every stage. Had C-ecilia not undertaken 
the vast job of rebuilding our teaching collections 
and preparing new course materials, I would never 
have had the time to complete this book before the 
deadline. 

To Roisin Moran of University’ College, Galway 
I extend my grateful thanks for her two beautiful 
paintings for the Part Title pages. 

1 wish to thank also my editorial colleagues. 
Dr Ian Francis and Jane Plowman, who have given 
all possible assistance. From Ian came the suggestion, 
which we have followed up, that the new edition 
should be coupled with a CD-ROM of Fossil 
linages. This has been undertaken in conjunction 
with the Natural History Maseuni, London, and to 
Nomian McLeod and Paul Taylor of that institution 
I owe a great deal. 1 am hkewise grateful to L^avid 
Hicks and Eve Daintith for their meticulous copy¬ 
editing and proofreading, respectively. 

On a wet November day, over 50 years ago, 1 was 
taken into a museum in my native Newcastle-upon- 
Tyiie, to escape from the rain. There, in a dusty glass 
case were two giant ammonites (probably Tilanites 
gigantais), and I was given to understand that they 
had hved millions of years ago. They excited a fasci¬ 
nation which has continued until now, and 1 am still 
glad to escape to the hills on a fresh summer morn¬ 
ing, to search for fossils, and tlien to bring them back 
to the laboratory for study. 1 hope that this book 
will be of value to any student wishing to explore 
something of the richness and diversity of ancient 
life, and of the methods available for its scientific 
study. If so, 1 win have achieved what 1 set out to do. 


Euan Clarkson 
Edinburgh 




Macrofossils on 

CD-ROM 


The Natural History Museum London and Dr E.N.K. Clarkson have collaborated on the development of 
this important new initiative in palaeontology teaching. 

Macrofossils om CD-Row is a combined image library and database, containing records for lOOO key fossil 
genera. Each record contains a set of images, and information on stratigraphic range, hard-part mineralogy, 
palaeoccology, palaeobiogeography, t?tc. The images have been captured using the Natural History 
Museum’s high resolution PALAEOVISION digital imaging system, and the data and images reside in the 
CowpuStrat database manager. 

This system allows the user great flexibility in displaying data. For example, users can simply browse from 
record to record; pull up fossils from a taxonomic index; or select and sort records by geographic range, life 
habit, stratigraphic range, or by a variety of other criteria. Range charts and palacobiogeographic maps are 
given where appropriate, and the user can print records, or export them into other applications. Within 
each of the major groups there .ire a number of labelled images and diagrams to allow the user to become 
fimiliar with key morphological tenns. 

Xiacrofossils on CD-ROM may be used as an adjunct to liii’ertebratc Palacontohtiy, or as a standalone prod- 
tict. Taxa have been selected for their relevance to Earth science teaching worldwide. 


Hardware Requirements 


PC or MAC, mimmiim h Mb RAM, CD-ROM drive, 640 X 480 colour monitor. 


Ordering details 


For frmher information and ordering details, please contact; ian.francis@blacksci.co.uk 

















Amioceras cf. hartmannl (Oppel), an assembla^ of imn^ature ammonites from the Lower Jurassic of Block Ven, Charmouth, England 
(Lower Sinemorian). These specimens were probably catastrophically buried, since the soft parts must have been in place when they 
died preventing sediment penetrating the chambers. Painting by Roisin Moran; original specimen in the James Mitchell Museum, 
University College, Galway, Ireland. 
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II Principles of 
palaeontology 



Once upuii a time ... 

Sonic 4f>()0 million years ago the Earth came into 
being, probably forming from a condensing disc of 
particles, dust and gas, which slowly rotated round 
the Sun. Larger particles, or planecismals, formed 
tnmi this nebular disc, and as these colbded they 
accreted, eventually forming the planets. 

Of all the nine planets in the Solar System only 
Earth, as tar as is known, supiports advanced life, 
though at the time of writing much interest has 
been generated by the discovery of organic maternal 
on Jupiter’s satellite Europa. It is, however, a strik¬ 
ing fact that life on Earth began very early indeed, 
within the first 30% of the planet’s history. There 
are remains of simple organisms (bacteria and ‘blue- 
green algae’, or cyanobacteria) in rocks 34UU Ma 


no record of terrestrial animals until much later. In 
terms of our understanding of the history of life, 
perhaps the most significant of all events took place 
about 543 Ma ago at about the beginning ol the 
Cambrian Period, for at this stage there was a sud¬ 
den proliferation of different kinds of marine inver¬ 
tebrates. During this critical period the principal 
invertebrate groups were established, and they then 
diversified and expanded. Some of these organisms 
acquired hard shells and were capable of being fos¬ 
silized, and only because of this can there be any 
chance of understanding the liistorp' of invertebrate 
life. 

The stratified sedimentary rocks laid down since 
the early Cambrian, and built up throughout the 
whole of Phanerozoic time, are distinguished by a 
rich heritage of the fossil remains of die inverte¬ 
brates that evolved tlirough successive liLstorical 
periods; their study is the domain of invertebrate 


old. so life presumably originated before then. 
These simple forms of life seem to have dominated 
the scene for the next 2001) Ma, and evolution 
Jt that time was very slow. Nevertheless, the 
cyuiobacten.i and photosynthetic bacteria were 
instruineiml in changing the environment, for they 
gave off oxygen into an atmosphere that was previ¬ 
ously devoid of it, so that animal life eventually 
became possible. 

Only when some of tlie early living beings of this 
Eanh had reached a high level of physiological and 
Kprodiictivc organization (and most particularly 
when sc.xu.il reproduction originated) was the rate 
ofevolutioii.iry change accelerated, and with it all 
manner of new possibilities were opened up to 
evolving life. This was not until comparatively late 
in geological history, and there are no fossil animals 
bowi from sediments older than about 700 Ma. 
Needless to say, these are all invertebrate animals 
bdeing backbones. All of them are manne; there is 


palaeontology and the subject of this book. 


1 .2 Occurrence of invertebrate 
fossils in Phanerozoic rocks 


Hard-part preservation 

Fossil invertebrates occur in many kinds of sedimen¬ 
tary rock deposited in the seas during the 
Phanerozoic. They may be very abundant in 
limestones, shales, siltstones and mudstones but on 
the whole are not common in sandstones. 
Sedimentary ironstones may have ricli fossil 
remains. Occasionally they are found in some coarse 
rocks such as greywackes and even conglomerates. 
The state of presen’adon of fossils varies greatly, 
depending on the structure and composition of the 
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ongin.il shell, the nature and grain size ot thc enclos¬ 
ing sediment, the chemical conditions at the time of 
sedimentation, and the subsequent processes of dia- 
goncsis (chemical and physical changes) taking 
place in the rock after deposition. 

The study of the processes leading to fossilization 
is known as taphonomy. hi most cases only the 
hard parts of fossil animals are preserv'ed, and for 
these to be fossilized, rapid burial is norm.illy a pre¬ 
requisite. The soft-bodied elements in the fauna, 
and those fonns with thin organic shells, did not 
nonnally survive diagencsis and hence have left little 
or no evidence of their existence other than records 
of their activity in the form of trace fossils. What we 
can see m the rocks is therefore only a narrow band 
in a whole spectrum of the organisms that were 
once living; only very rarely have there been found 
beds containing some or all ot the soft-bodied ele¬ 
ments ill the fauna as well. These are immensely sig¬ 
nificant for palaeontology. 

The oldest such fauna is of late Precambnan age, 
some 615 Ma old. and is our only record ot animal 
life before the Cambrian. Another such ‘window’ is 
known in Middle Cambnan rocks from British 
Columbia, where in addition to the nonnally 
expected trilobites and brachiopods there is a great 
range of soft-bodied and tliin-shelled animals — 
sponges, wonns, jellyfish, small shrimp-like crea¬ 
tures and animaLs of quite unknowm affinities — 
which are the only trace of a diverse fauna which 
would otlierwise be quite unknown (Chapter 12). 
Tliere are similar 'windows' at other levels in the 
geological column, likewise illuminating. 

The fossil record is. as a guide to the evolution of 
ancient life, unt]uestionably limited, patchy and 
incomplete. Usually only the hard-shelled elements 
111 the biota (apart from trace fossils) arc preserved, 
and the fossil assemblages present in the rock may 
have been transported some distance, abraded, dam¬ 
aged and mixed with elements of other faunas. Even 
if thick-shelled animals were originally present in a 
fauna, they may not be preserved; m sandy sedi¬ 
ments in which the circulating waters are acidic, for 
instance, calcareous shells may dissolve within a few 
years before the sediment is compacted into rock. 
Since the sea floor is not always a region of continu¬ 
ous sediment deposition, many apparently continu¬ 
ous sedinientars' sequences contain numerous 
small-scale breaks (diastems) representing periods 
of winnowing and erosion. Any shells on the sea 


floor during these erosion periods would probably 
be transported or destroyed - another limitation on 
the adequacy of the fossil record. 

On the other hand, some manne invertebr.ites 
found in certain rock types have been preserved 
abundantly and in exquisite detail, so that it is possi¬ 
ble to infer much about their biology from their 
remains. Many of the best-preserved fossils come 
from limestones or from silty sediments with a high 
c.tlcarcous content. In these (Fig. 1.1) the onginal 
c.ilcareous shells may be retained in the fossil state 
with relatively little alteration, depending upon the 
chemical conditions within the sediment at the tune 
of deposition and after. 

A sediment often consists of components derived 
from various environments, and when all ot these, 
including decaying organisms, dead shells and sedi¬ 
mentary particles, are thrown together the chemical 
balance is unstable. The sediment will be in chemi¬ 
cal equilibrium only after diagenctic physicochemi¬ 
cal alterations have taken place. These may involve 
recrystallization and the growth of new minerals 
(authigenesis) as well as cementation and com¬ 
paction of the rock (lithification), and during any 
one of these processes the fossils may be altered or 
destroyed. Shells that arc originally ot calcite pre¬ 
serve best; aragonite is a less stable fonn ot calcium 
carbonate secreted by certain living organisms (c.g. 
corals) and is often rccrystallized to calcite during 
diagenesis or dissolved away completely. 

Calcareous skeletons preserved in more sandy or 
silty sediments may dissolve after the sediment has 
hardened or during weathenng of the rock long 
after its induration. Moulds (often miscalled casts) 
of the external and internal surfaces of the fossil may 
be left, and if the sediment is fine enough the details 
these show may be very good. Some methods for 
the study of such moulds are described in section 
7.2, with reference to brachiopods. If a fossil 
encloses an originally hollow space, as for instance 
between the pair of shells of a bivalve or brachio- 
pod, this space may either be left empty or become 
filled with sediment. In the latter case a sediment 
core is preserved, which comes out intact when the 
rock is cracked open. This bears upon its surface an 
internal mould of the fossil shell, whereas exter¬ 
nal moulds arc left in the cavity from which it 
came. In rare circuinstanccs the core or the shell, or 
both, may be replaced by an entirely different min¬ 
eral, as happens in fossils preserved in ironstones. It 
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recrystallized calcite 
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Figure I.) Possible processes oF fossilizotion of o bivalve shell: (a) original shell, buried in mod (left) or carbonate (right); (b) the 
snol was oolcite, was buried in a carbonate sediment and was preserved intact other thon as a small crystallized patch; (c) shell orig- 
irsHtf ol orogonite, now recrystallized to calcite which destroys the fine structure; (d) original calcite shell retained surrounding a dia- 
oerieiic core ol silica; (e) a silica rim growing on the outside of the shell; (f) tectonic distortion of a shell preserved in mudstone; (g) 
shell preserved in mud with original shell material leached away, leaving an external and an internal mould, surrounding o mudstone 
core; (h) o colcoreous concretion growing round the shell and inside | if the original cavity was empty), with patches of pyrite in ploces; 
(j) ironstone replacement of core and part of shell. 


the original spaces in the shell are impregnated with 
extra minerals, it is said to be perniineralized. 
while the growth of secondary minerals at the 
expense of the shell is replacement. Cores may 
sometimes be of pyrite. Graptolites arc often pre¬ 
served like this, anaeorbic decay having released 
hydrogen sulphide, which reacted with ferrous 
(Fe*') ion.s in the water to allow an internal pyrite 
core to forni. Sometimes a core of silica is found 
wndiiii an unaltered calcite shell. This has happened 
with some of the Cretaceous sea urchins of southern 
England. They lived in or on a sediment of calcare¬ 
ous mud along with many sponges, which secreted 
spicules of biogenic silica as a skeleton. In alkaline 
conditions (above pH 9), which may sometimes be 
generated during bacterial decay, the solubility of 


the silica increases markedly, and the silica so 
released will travel through the rock and precipitate 
wherever the pH is lower. The inside of a sea urchin 
decaying under difl'ercnt conditions would trap ju.st 
such an internal microenvironment, within which 
the silica could precipitate as a gel. Such siliceous 
cores retain excellent features, preserving the internal 
morphology of the shell. On the other hand, silica 
may replace calcite as a very thin shell over the sur¬ 
face of a fossil as a result of some complc.x surface 
reactions. These siliceous crusts may retain a very 
detailed expression of the surface of the fossil and, 
since they can be freed from the rock by dissolving 
die limestone with hydrochloric acid, individual 
small fossils preserved in this way can be studied in 
three dimensions. Some of the most exquisite of all 
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trilobites and brachiopods are known from material 
such as this. 

A relatively uncommon but exquisite mode of 
preservation is phosphadzarion. Sometimes the 
external skeleton, especially of thin organic-shelled 
animals, may he replaecd or overgrown by a thin 
sheet of phosphate, or the latter may reinforce ;m 
originally phosphacic shell. In the former situation 
the external fonn ol the body is precisely replicated. 
Altcniatively a phosphatic filling of the interior of 
the shell may form a core, picking out intem.il 
stnictures m rcmarkahle detail. Such preservation is 
probably associated with bacterial activity directly 
after the death of the animal. Many small Cambrian 
fossils have been preserved by phosphatization 
(Chapters 3 and 12), hut much larger fossils may be 
preserved also, for example crustaceans with a 
Huorapatite infilling and with all their delicate 
appendages intact. 

Fossils are often found in concrerions: calcare¬ 
ous or sihceous masses fomied around the fossil 
.shortly after us dcatJi and burial. Concretions form 
under certain conditions only, where a dehcatc 
chemical h.ilance c.xists between the water and sedi¬ 
ment, by processes as yet not ftilly understood. 

Soft-part preservation 

In ver>' rare circumstances soft-bodied organisms 
can he preserved as fossils, and these provide other¬ 
wise unobtainable evidence of the diversit\’ of meta¬ 
zoans living at particular periods; this is discussed m 
Chapter 12. 


1.3 Division* of inverfebrofe 
poioeontoiogy 


Invertebrate palaeontology is nonnally studied as a 
subdivision of geology, as it is witliin Earth science 
that its greatest applications lie. It c.an also be seen as 
a biological subject, but one chat has the unique per¬ 
spective of geological time. Within the domain of 
invertebrate palaeontology’ there are a number of 
interrelated topics (Fig. 1.2), all of whicli have a 
bearing on the others and which also hnk up with 
other sciences. 

Three main categones of fossils may be distin¬ 
guished: (1) body fossils, in other words the actual 


remains of some part, usually a shell of skeleton, of a 
once-living organism; (2) trace fossils, which are 
tracks, trails, burrows or other evidence of the activ¬ 
ity' of Lui animal of former times — sometimes these 
arc the only guide to the former presence of soft- 
bodied animals in a particular environment; (3) 
chemical fossils, relics of biogenic organic coni- 
ponnds which may he detected geochcinically in 
die rocks. 

At the heart of invertebrate palaeontology stands 
taxonomy; the classification of fossil and rnodern 
animals into ordered and natural groupings. These 
groupings, known as taxa, must be named and 
arranged in a hierarchial system in which their rela¬ 
tionships are made clear, and as tar as possible must 
be seen in evolutionary perspective. 

Evolution theory is compounded of various dis¬ 
ciplines — pure biology, comparative anatomy, 
embryology, genetics and population biology — hue 
it is only the palaeontological aspect that allows the 
predictions of evolutionary science to be tested 
against the background of geological rime, permits 
the tracing of evolving lineag^es and illustrates some 
of the patterns of evolution that actually have 
occurred. 

The rates at which animals have evolved have 
varied through tunc, but most animal types 
(species) have had a geological life of only a few 
million years. Some of these evolved rapidly, such as 
the ammonites, others very slowly (Chapter 2). A 
rock succe.ssion of marine sediments built up over 
many millions of years may therefore have several 
fossil species occurring in a particular sequence, each 
species confined to one part of the succession only 
and representing the time when that species was 
living. Herein hes the oldest and most general appli¬ 
cation of mvertebrate palaeontology; bio.stratig- 
raphy. Using the sequence of fossil faunas, the 
geological column has been divided up into a series 
of major geological time units (periods), each of 
which is further divided into a hierarchy of small 
units. The whole basis for this histoncal chronology 
is the docLimenled sequence of fossils in the rocks. 
But difterent kinds of fossils have diftcreiit strati- 
grapliical values, and certain parts of the geological 
record are more closely subdivided than others. 
Some ‘absolute’ ages based on radiometric dating 
have been fixed at particular points to this relative 
scale, and these provide a framework for under¬ 
standing the geological record in tenns of real time 


Figure 1.2 
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figure f.2 The various subdisciplines of palaeontology. 

(i.e. known periods of millions of years) rather than 
asjitst a purely relative scale. This is only possible at 
certain honzons, however, and for practical pur¬ 
poses the geological timescale based on biostratigra¬ 
phy is unsurpassed for Phanerozoic sediments. 

Although stratigraphy is the basts of the primary 
discipline of geochronology, a small facet of 
palaeontological study has a bearing on what may be 
termed ‘geochronometry’. By counting daily 
growth nngs in extinct corals atid bivalves, infomia- 
ntm has been obtained beaniig upon the number of 
Jays in the lunar month and year in ancient times. 
This has helped to confinn geophysical estimates on 
the slowing of die Earth’s rotation (Chapter 5), 

Since Stratigraphical applications of palaeontology 
have always been so important, the more biological 
aspects of palaeontology were relatively neglected 
until comparatively recently. Palaeoecology, 
whicii has developed particularly since the early 


lySOs, is concerned with the relationships of fossil 
animals to their environment, both as individuals 
(autecology) and in the faunal communities in 
which they occur naturally; the latter is sometimes 
kaiown as synecology. 

Since the soft parts of fossil animals are not nor¬ 
mally preserved, but only their hard shells, there arc 
relatively few W'ays in which their biology and life 
habits can be understood. Studies in functional 
morphology, however, which deal with the inter¬ 
pretation of the biology of fossilized skeletons or 
structures in tenns of their original fimetion, have 
been successfiilly attempted with many kinds of fos¬ 
sils, restneted in scope though these endeavours may 
necessarily be. Ichnology is the study of trace fos¬ 
sils: the tracks, surface trads. burrows and borings 
made by once-hving animals and preserved in sedi¬ 
ments. This topic has proved valuable both in 
understanding the behaviour of the animals that 
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lived when the sediment was being deposited and in 
interpreting the contemporaneous enviromnent. 
Finally, it is only by the integration of taxonomic 
data on loc;il faunas that the global distribution of 
marine invertebrates through time can be eluci¬ 
dated. Such studies of palaeobiogeog^aphy (or 
palaeozoogeography in the case of animals) can 
he used in conjunction with geophysical data in 
understanding the tonner relative positions and 
movements of continental masses. 

All of these aspects of palaeontology are interre¬ 
lated, and an advance in one may have a beanng 
upon any other. Thus a particular study in hme- 
tional morjihology may give infonnatiou on 
palaeoecology and possibly some feedback to taxon¬ 
omy as well. Likewise, recent refinements in taxo- 
nonuc practice have enabled the development of a 
much more precise stratigraphy. 

Chemical compounds of biological ongin can 
now be recovered from ancient rocks and form the 
basis of bioiTiolecular palaeontology Such fossil 
molecules may help to diagnose which organisms 
they come from and their breakdown pathways may 
say something about the environment. Molecular 
phylogenetics based upon protein sequencing may 
show how tar two or more related organisms have 
diverged from a common ancestor, and to some 
extent the .available techniques can be applied to the 
recent fossil record. Imniunological-detcmiinant 
techniques c.in be used to detect proteins and poly¬ 
saccharides in fossil shells but, for the moment, only 
shells younger than 2 Ma have proved amenable to 
analysis. There arc also promising developments also 
in palacobiochcmistry and organic geochemistry 
w'hich are applicable to the fossil record, though 
these are beyond the scope of this book. 


Taxonomy 

Taxonomy is often undervalued as a glorified 
form of tiling — W'ith each species in its folder, like 
a statnp in its prescribed place in an album; but 
taxonomy is a fuiidainental and dynamic science, 
dedicated to explonng the causes of relationships 
.ind similarities among organisms. Classifications 
are thcones about the basis of natural order, not 
dull catalogues compiled only to avoid chaos. 

77ic bfjt moiw^raphs arc workf of genius . . . 

(S.J. Gould, 1990) 


These w’ords should make entirely clear the fun¬ 
damental nature of taxonomy. For. as has often been 
said, to identify a fossil correctly is the first step, andl 
indeed the key, to finding out further information| 
about it. Sound classification and nomenclature he 
at the root of all biological and palaeontological 
work; without them no coherent and orderedlj 
system of data storage and retrieval is possible, H 
Taxonomy, or systeniatics as it is sometimci 
known, is the science of classification or organisinv 
It is the oldest of all the biological disciplines, .uid 
the pnnciples outlined by Carl Gustav Linnaeus 
(1707-1778) m his pioneenng Syaenia tmiurae are 
still m use today, though greatly modified .indl 
extended. 


The species concept 
The ftindamental unit of taxonomy is the species,i 
Animal species (e.g. Sylvester-Bradley, 1956) arc] 
groups of individuals that generally look like eacW 
other and can interbreed to produce offspring of thtf 
same kind. They cannot interbreed w'ith othetf 
species. Since it is reproductive isolation alone thaij 
defines species it is only really possible to distingiiisl|[, 
closely related species if their breeding habits an 
known. Of all the described ‘species’ of living ani-S 
mals, however, only about a sixth are ‘good’, oC 
properly defined, species. Information upon thr 
reproductive preferences of the other five-sixths ol 
all naturally occurring animal populations is just nut 
documented. 

The diftcrentiation of most living and all fossijj 
species therefore has to be based upon other anc 
technically less valid criteria. 

Of these by far the most important, especially it 
palaeontology, is morphology, the science o' 
form, since most natural species tend to be com-* 
posed of individuals of similar enough external 
appearance to be identifiable as of the same kind; 
Distinguishing species-of living animals by morpho-'o 
logical criteria alone is not w'lthout hazards, esp«-|Ti 
cially where the species in question are similar all^^ 
closely related. Supplementary information, such a: 
the analysis of species-specific proteins, in.iy he o' 
help in some cases where there is good reason fer 
it to be sought (e.g. for disease-carrying insects). Ftr 
the rest some degree of subjectivity' in taxonomy ha> 
to be accepted, though this can be minimized ii, 
enough morphological enteria are used. 
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Nomenclature and identification of fossil species 
In the formal nomenclature of any species, living or 
fossil, taxonomists follow the biological system of 
Linnaeus, whereby each species is defined by two 
nanies: the generic and specific (or trivial) names. 
For example, all cats, large and small, are related, 
and one particular group has been placed in the 
genus Felis. Of the vanous species of Felis the spe¬ 
cific names F. auus, F. !eo and F. pardtis formally 
refer to the domestic cat, lion and leopard, respec¬ 
tively. In full taxonomic nomenclature the author’s 
name and the date of publication are given .after the 
species, e.g. I-elis uitus (Linnaeus 1778) (sec below 
for further discussion). 

In palaeontology it can never be known for 
certain whether a population with a particular mor¬ 
phology was rcproductively isolated or not. Hence 
the definition of species m palaeontology, as in most 
living specimens, must be based .almost entirely on 
morphological entena. Moreover, only the hard 
pans of the fossil animal are preserved, and much 
Hseful data has vanished. A careful examination and 
documentation of all the anatomical features of the 
fossil has to be the main guide in estabhsluiig that 
one species is different from a related species. In rare 
cases this can be supplemented by a comparison of 
the chemistry of the shell, as h.as proved especially 
tiicful in the erection of higher taxonomic cate- 
gones. Within any interbreeding population there is 
usually quite a spread of morphological variation. 
On a broader scale there may be both geographical 
and stratigraphic variations, and all these must be 
carefully documented if the spiccies is to be ideally 
etablished. Such studies may be very significant in 
evolutionary palaeontolc^. 

When a palaeontologist is attempting to distin¬ 
guish the species in a newly discovered taun.i, say of 
fossil brachiopsods, she or he has to separate the indi¬ 
vidual fossils out into groiipss of morphologically 
siniilar individuals. There may, to take an example, 
perhaps be eight such groups, each distinguished by 
1 particular set of cliaracters. Some of these groups 
may be clearly distinct from one another; in others 
the distinctiaii may be considerably less, increasing 
the risk of greater subjectivity. These groups arc 
provisionallv considered as species, which must then 
be identified. This is done by consulting palaeonto¬ 
logical monographs or papers containing detailed 
technic.ll descriptions and illustrations of previously 
desenbed bracliiopod faunas of similar age, and 


comparing the species point by point. Some ot the 
species may prove to be identical with already 
described species, or show only minor variation of a 
kind that would be expected in a local variant 
within the same spiccies. Other species in the fauna 
may he new, and if so a full technical description 
with illustrations must be prepared for each new 
species, which should be publislicd in a palaeonto¬ 
logical journal or monograph. This description is 
based upon type specimens, which are always 
thereafter kept in a museum or research institute. 
Usually one of these, the holotype, is selected as 
the reference specimen and frilly illustrated; com¬ 
parative detail may be added from other specimens 
called the paratypes. There arc various other kinds 
of type specimens; for example, a neotype may be 
erected when a holotype has been lost, or when a 
species is being rcdescribed in fuller and more up- 
to-date terms when no type specimen has previously 
been designated. 

A new genus will be designated as gen. nov. by its 
author, this following the generic name, a new 
species as sp. nov. and a new subspecies as ssp. nov. 

The new species must be named and allocated to 
an existing genus, or if there is no described genus 
to which it pertains then a new genus must also be 
erected. To appreciate, the method let us consider 
the followhig historical tale. In the early tftnetcenth 
century brachiopods were poorly known and few 
distinct genera had been erected. One of these was 
the hving Terebratiila, named by O.F. Muller in 
1776. When E.F. von Schlothcim first studied 
Devonian fossils from North Germany hi 1820 he 
recognized that some of the shells were bra¬ 
chiopods, and he described one of the most abun¬ 
dant forms as the new species Terebratiila sardmilatiis. 
By 1830, however, much more was known about 
brachiopods. and G. Fischer dc Waldheim proposed 
a new genus for this species, so that it became cor¬ 
rectly designated Clwnetes sarciuulatus (Schlothcim). 
This is the ‘type species’ of Choiietes, a well-known 
Siluro-Dcvonian genus of the Class Strnphomcnata. 
Note that where a species was originally described 
under a dificrent generic name, the original .author’s 
name is quoted in parentheses. In 1917 F.R. 
Cowper Reed, then working on Ordovician and 
Silurian brachiopods of the Girvan district, Scotland, 
recognized many new species. One of these had 
similarities in morphology to Clnmetes, but it was 
sufficiently different to be regarded as a species of a 
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new siibgemis; this is wnttcn Clioiictes (Eochottetes) 
iidveva Keed 1917. When lu 1928 the taxonomic 
problems of Chotwtcs and similar forms were 
addressed by O. T. Jones, the new Superfamily 
Plectambonitacea was erected to accommodate 
adivna and many other related brachiopods. At a 
later stage Hixhoiietcs was elevated to the rank of a 
full genus. In the most recent treatment, D.A.T. 
Harper described a large fauna from the Girvan 
district of Scotland, and within this he recogmzed 
fiA'o subspecies of E. admia, of somewhat different 
ages and distinguished by minor differences in 
morphology. These, in Harper’s (1989) monograph, 
arc wntren Eocfwneres adi'eihi advfiia Keed 1917 (des¬ 
ignating Reed’s onginal material), and Eochottetes 
adwna Reed 1917 (jrari/i.v ssp. nov. Subsequent 
authors will refer to the latter, in full, as Eochottetes 
adi'etiii gracilis Harpet 1989, or in abbreviated form as 
E. iidivna gracilis. 

Where, due to indifferent preservation, or lack of 
■in up-to-date monographic base, a species cannot 
be identified with cert.iinty, it may be designated as 
aff. (related to) or cf (may be compared with), an 
existing species (e.g. Mottograptiis cf. vottterituts). 
Where the fossil can be identified as belonging to a 
known genus, hut cannot be ascribed to a species (as 
may be the case where preservation is poor or if 
only a fragment is preserved, the suffix sp. (plural 
spp.) is used (e.g. Caloceras sp). If the specimen, m a 
more extreme case, can only tentatively be referred 
to a genus, one would wnte e.g. ?Kiitorgitta sp. If 
only the species is dubious such an ascription as 
Eoplectodonta ?petikilkttsts might be used. 

All taxonomic work such as this must follow a 
particular set of rules, which have been w'orked out 
by a scries of Inteniational Commissions and are 
documented in full in the opening pages of each 
volume of the Treatise oti liii'criehrate Paleontology (a 
continuing series of volumes pubhshed by the 
Geological Society of America). 

Taxonomic hierarchy 

Although all taxononuc categories above the species 
level are to some e.xtcnt artificial and subjective, 
ideally they should as far as possible reflect evolu- 
rion.iry relationships. 

Similar species are grouped in genera (singular 
genus), genera in families, families in orders, 
orders in classes and classes in the largest division of 
the aniiiial kingdom: phyla (singular phylum). 


There may be various subdivisions of these c.atc- 
gories, e.g. superfamilies, suborders, etc., and in cer¬ 
tain groups there is even a case for erecting 
‘superphyla’. There arc only about 30 phyla in the 
animal kingdom, and only about a dozen of these, 
e.g. MoUusca and BrachiopocLi, leave any fossil 
remains. 

In taxonomy higher taxa are usually distinguished 
by their siiffcx (i.c. -ca, -a, etc.). As an example, the 
following documents the classification of the 
Ordovician hrachiopod Eochottetes adivtta gracilis, 
referred to earlier, according to a taxonomic scheme 
in which the author of the t.axon and the year of 
publication are quoted. 

Phylum Brachiopoda Dunieril 1806 
Subphylum Rhynchonellifonnca Williams et al. 
1996 

Class Strophomenata Williams et al. 1996 
Order Strophomenida Opik 1934 
Suborder Strophonicnidina Opik 1934 
Supertamily Plectambonitacea Jones 1928 
Family Sowerbyellidae Opik 1930 
Subfamily Sowerbyclhnae Opik 1930 
Genus Eochonetes Reed 1917 
Species advetta Reed 1917 
Subspecies gntcilis Harper 1989 

In the above section we have seen the divisions of 
the taxonomic hierarchy, but in defining these 
groupings how do taxonomists actually go about it? 
The basic principle is that morphological and other 
similarities reflect phylogenetic affinity (homol¬ 
ogy). This is always so unless, for other reasons, 
similarity results from convergent evolution. But in 
issessiiig ‘similarities’ how does one decide upon 
which characters arc important? How should they 
be chosen to minimize subjectivity and produce 
natural order groups? There is no universally 
accepted method of facilitating these ends and 
taxonomists have used different methods. In recent 
years three sharply contrasting schools h.ivc 
emerged: these arc the schools of (1) evolutionary 
ta.xonomy, (2) numerical taxonomy and (3) dadisnt 

Until the 1970s most palaeontologists, especially 
those working with fossil materi.il which they have 
collected in the field, were evolutionary taxono¬ 
mists. in erecting a hierarchical classification, such 
cla.ssical taxonomists used a traditional and very flex¬ 
ible combination of criteria. First there is morpho- 
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logical (or phenetic) resemblance, the extent to 
which the .immals resemble one another. Second, 
phylogenetic relationships arc along with phe- 
tietic resemblance considered important. I3y this is 
tTiejnt the way (as tar as can be determined) in 
which animals are actually related to each otlier, i.e. 
in terms of recency of common origin, which of 
course grades into evolutionary taxonomy. The 
order of succession m the rock record and geo- 
paphical distribution may play an important part in 
deciding relationships. This practical approach to 
axonomy, which took all factors into consideration, 
Km for a long time been the backbone of palaeonto¬ 
logical classification, and is still considered to be the 
best method by stratophenetic palaeontologists, who 
place much emphasis on time in seeking aneescor- 
dcsccndant relationship»s (Henry, 1984; Gingcrich, 
IWO). 

For some taxonomists, however, the uncertainties 
and subjectivity which arc almost inescapable in any 
kind of classification seemed to be particularly acute 
111 dassical taxonomy, as did the limitations of the 
fossd record in tenns ot preservation. The numerical 
tKonomists tried to escape from this problem by 
opung for ciuantifted phenetic resemblance as the 
only realistic guide to natural groupings. It was their 
view that if enough characters were measured, 
quantified and computed and represented by the use 
of cluster statistics, the distances between dusters 
ctntld be used as a measure of their differences. 
Numerical taxonomy has been found very useful 
utjome instances, but subjectivity cannot be elimi- 
tlted since the operator has to choose (subjectively) 
tow best to analyse the measurements made, and 
may need to ‘weight’ them, giving certain characters 
mote importance (again subjectively) in order to 
obtain meaningh.il results. Hence the objectivity of 
numerical taxonomy is less than it might appear. 

The third .school relies upon phylogenetic criteria 
atone, emphasizing that features shared by organisms 
uunifest. in nature, a hierarchial pattern, evident in 
ikc distribution of characters shared amongst organ- 
(itnv. It is known as cladism or phylogenetic 
lyatematics — a scliool founded by the German 
flilOtnologist Willi Henmg (1966) and was soon 
ipplied vigorously to palaeontology (c.g. Eldrcdgc 
ind CracTaft, 1980). In the early days of dadistics 
fee were many doubters (including, as I have to 
ilmit, the present author). But, as the method itself 
A'olvcd, dadistics has come to be recognized as by 
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far the most cflective method for reconstructing 
phylogeny. Smith’s (1994) cxpkmarion of dadistic 
methodology is so comprehen.sive that only brief 
comments arc given here. 

Hcnnig was of the opinion that recency ot com¬ 
mon origin could best be shown by the shared pos¬ 
session of evolutionary novelties or 'derived 
characters’. Thus in closely related groups we would 
see ‘shared derived diaractcrs’ (synapomorphies) 
which would distinguish this group from others. 
Hennig’s central concept was that in any group 
characters are either ‘primitive’ (symplesiornor- 
phic) or ‘derived'. Thus all vertebrates have back¬ 
bones; the possession of a backbone is a primitive 
character for all vertebrates and is not, of course, 
indicative of any close relationship between any 
group of vertebrates. What is a primitive character 
for all vertebrates is of course a derived character as 
compared to invertebrates — synapomorpliy and 
symplesioinorphy thus delineate the relative status 
of particular characters with respect to a specific 
problem. 

Hennig endeavoured to provide an objective 
methodology for determining recency of common 
origin in related taxa, based upon primitive and 
derived characters. Such relationships are expressed 
in a cladograni (Fig. 1,3), in which dichotomous 
branching points arc arranged in nested hierarcliies. 

Here taxa A and B share a unique common 
ancestor. They are said to be sister groups. They 
both share an evolutionary' novelty or synapomor- 
phy, not possessed by taxon C. Now C is the sister 
group of the combined taxa A and B, and D is the 
sister group of combined taxa A, H and C. In per¬ 
forming a dadistic analysis, therefore, a taxonomist 
assumes that dichotomous splitting had occurred 
in each lineage and compiles an (unweighted) 


A B C D 



Figure 1.3 Acladogrom (for explanation see text). 
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character data matrix. Tlie more characters and 
character states there are available the larger the 
database, and large databases are often routinely 
processed and the construction of a cladogram 
speeded up by using one of several computer pro¬ 
grams. The PAUP (Phylogenetic Analysis Using 
Parsimony) program, for example, is a technique 
which makes the fewest assumptions in ordering a 
set of observations. 

How can we distinguish syniplesioniorphic 
(shared primitive) from synaponiorphic (shared 
derived) character states? The most useful way is 
‘outgroup comparison'. Here an ‘ingroup’ (of which 
the relationships arc under investigation) is .spccifi- 
caOy designated, and compared with a closely 
related ‘outgroup’. Any character present in a vari¬ 
able state in the ‘ingroup’ must be plesiomorphic if 
it is also found in the outgroup. Likewise, apomor- 
phic characters are only present in the ingroup, 

Hcnmg distinguished three kinds of cladisric 
groupings. Monophyletic groups contain the com¬ 
mon ancestor and all of its dc.scendants (D, C, B, A 
in Fig. 1.3); paraphylcdc groups arc descended 
from a conmion ancestor (usually now extinct and 
known as the stem group) but do not include all 
descendants (B and C, for example, in Fig. 1.3); 
polyphyletic groups on the other hand, are the 
result of convergent evolution. Their representa¬ 
tives arc descended Iroiii different ancestors and 
hence, although these may look superficially similar, 
any polyphyletic group comprLsiiig them is artificial. 

A cladogram is not an evolutionary tree; it is an 
analysis of relationships. As such it is a valuable and 
rigorous way of w orking out and showing graphi¬ 
cally how orgamsms are related, and it forces taxon¬ 
omists to be exphcit about patterns and groups. The 
methodology of dadistics is especially good when 
deahng with discrete groups with large morphologi¬ 
cal and stratigraphic gaps and to these it brings the 
potential for real objectivity. A cladogram shows 
how sister groups are hierarchically related on the 
basis of shared-derived homologies, but although it 
portrays taxonomic relationships in terms of recency 
of common origin, the order of succession in the 
rock record is not taken into account (though 
implicitly cladograms have a time axis). 

So where does that leave the potential contribu¬ 
tion of stratigraphy in reconstructing phylogeny? 
Whilst a few ‘transfonned cladists’ negate the value 
of the fossil record altogether (a view vigorously 


opposed by Ridley, l^hS), the successive appearance 
of taxa in stratigraphy camiot be denied as an essen¬ 
tial source of data, however imperfect the fossil 
record actually is. Thus as Gingerich (1990) com¬ 
ments, 'Time is a hindamcntal dimension in evolu¬ 
tionary' studies, and a major goal of palaeontology 
should continue to be the study of the diversification;' 
of major groups in relationship to geological time’.] 
So, having constructed an appropriate cladograin,J 
the next stage in exploring relationships is to com¬ 
bine this infonnation with biostratigraphic data. For' 
this. Smith (1994) chscusses methodology in detail. 
The result is a phylogenetic tree, which shows the 
splitting of lineages through rime and is effectively 
‘a“best estimate” of the tree of life’. Very coimnoiily 
there is ,in excellent correspondence betw'ccn the' 
cladogram and the rock record; on the other hand 
the combined clachsric and biostratigrapiiic approach; 
may tlirow up unexpected patterns. 

The ultimate problem, not oidy for cladism, but 
for all taxonomic methodology', results from con¬ 
vergent evolution. Resemblances in characters urj 
character states may have nothing to do w'ith 
recency of common origin, but from convergence,^ 
and it may not always be possible to disentangle the , 
results of the two. Thus Wdliner (199U) and Moorej 
and Willmer (1997) m considering the relationsliipc 
betw'ecn major invertebrate groups argue tliatl 
‘cladisric analysis based on parsimony will tend to 
minimize and thus conceal convergence', and they 
contend that convergence at all levels is far more 
important than has generally been believed. There is 
certainly a problem here. Even so, cladistic method¬ 
ology, coupled witli biostratigraphy seems to be the 
best way forward, and an essential prerequisite foq 
drawing up meaningful phylogenetic trees. 

Use of stafisfical methods 

Inevitably palaeontological taxonomy carries a cer¬ 
tain element of subjectivity since the information 
coded in fossilized shells does not give a complete 
record of the structure and life of the animals that 
bore them. There are particular complications that 
cause trouble. For instance, palaeontological taxon¬ 
omy can do little to distmguish sibling species, 
which look alike and live in the same area but can¬ 
not interbreed. Polymorphic species, in which 
many fomis arc present within one biological 
species, may hkewise be hard to spcciate correctly, 
In particular, where sexual dimorphism is strong 


the males 
dissimilar 
been dese 
ation ni. 
ammonite 
When 
related spi 
tistical tes 
obyectivir 
use. for ( 
growth sc 
brachiopc 
width rat: 
may be p 
line of be 
be drawn 
Y — ax + 
intercept > 
Illation cc 
the same 
from this 
tlie two a 
tliese lie ' 
can then 1 
outside it 
This is 
and mor 
analysis at 
otiomic e 
With tl 
vision of 
specifical) 
(PALSTA 
ai, 1995) 
.standard, 
in definii 
populario 
to uiialtcr 


Pala«i 

Various c 
ogy; palat 
geograph' 
each of w 

Palaecx 
Since cco 
tlieir env 






Divisions of invertebrate palaeontology 13 

the miles and females t>t the one species may be so ancient organisms in their environmental context, 
dissimilar in appearance that they have sometimes All animals are adapted to clieir environment in all 
been desenbed as difteresit species, and the tnie situ- of its physical, chemical and biological aspects. Each 
atioii may be hard to disentangle (as with species is precisely adapted to a particular ecological 
ammonites; Chapter 8). niche in wliicli it feeds and breeds. It is the task of 

When it comes to the distinction of closely palaeoecology to fmd out about the nature of these 
related species, however, there arc a number of sta- adaptarions in fossil organisms and about the rela- 
tistical tests that may help to give a higher degree of tionships of the animals with each other and their 
objcctiviry. One simple bivariate test in common environments; it involves the exploration of both 
me, for example, can be used when a senes of present and past ecosystems (Schafer, 1972) 
powth stages are found together. If a collection of Although palaeoecology is obviously related to 
bridiiopods is made from loc.ility A, the length/ ecosystem ecology, it is not and cannot be the same, 
width ratios or some ocher appropriate parameters In modem community ecology much emphasis is 
may be plotted on a graph as a scatter diagram. A placed on energy flow through the system, but this 
line ot best fit (e.g. a reduced major axis) may then kind of determination is just not possible when deal- 
bc drawn througli the scatter. This gives a simple ing with dead communities. Instead palaeontologists 
)’ = (»■ + b graph, where a is the gradient and h the perforce must concentrate on establishing the com- 
intCRcpt on the y axis. A similar scatter from a pop- position, structure and organization of palaeocom- 
uLition collected from locality B may be plotted on munities, in attempting from here to work out 
the same graph, and the reduced major axis drawn linkage patterns m food webs and in investigating 
from this too. The relative slopes and separations of the autecology of individual species, 
the two axes may then be compared statistically. If Many attempts have been made to summarize 
these lie witliin a certain tlireshold the populations categories of fossil residue, to provide the back- 
can then be regarded as being of the same species; if ground for interpreting original conununity struc- 
outside it then the species are different. ture. The scheme proposed by Pickerill and 

This IS only one of a whole scries of possible tests, Brenchley (1975) and amended by Lockley (1983) is 
and more elaborate techniques of multivariate used here: 
analysis are becoming increasingly important in tax¬ 
onomic evolutionary' studies. 1. An assemblage refers to a single sample from a 

With die advent of microcomputers and the pro- particular honzon. 
vision ot specialist software packages designed 2. An association refers to a group of assemblages, 
spa'iflcally to meet the needs of palaeontologists all showing similar recurrent patterns of species 
(PALSTAT; Bruton and Harper, 1990; R,y.in et composition. 

ill,, 1995), the use of numerical analysis IS becoming 3. A palaeocommunity (or fossil community) 
standard. Statistical methods are likewise essential refers to an assemblage, association or group of 
in defining palaeocommunities, in ‘undeforming’ associations inferred to represent a once-distinc- 
populations of defomicd fossils and cornpanng them rive biological entity. Nomially this only repre- 
ti) unaltered material. sents the prcservable parts of an original biological 

community, since the soft-bodied animals are not 
preserved. This definition corresponds more or 
Palaeobiology less exaedy to that of Kauffman and Scott (1976). 

Various categories may be included in palacobiol- Palaeoecology must always remain a partial and 
palaeoecology (here discussed with palacobio- incomplete science, for so much of the infomiation 
geography), functional morphology and ichnology, available for the study of modem ecosystems is sim- 
eaeh ot which requires some discussion. ply not preserved in ancient ones. The animals 

themselves are all dead and their soft parts have 
Paloeoecology gone; the original physics and chemistry' of the envi- 

Siiice ecology is the study of animals in relation to ronment is not directly observable and can only 
their environment, palaeoecology is the study of be inferred from such secondary evidence as is 
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available; the shells may have been transported away 
from their original envnronments by currents, and 
the fossil assemblages that arc found may well be 
mixed or incomplete; post-depositional diagenetic 
processes may have altered the evidence still hirther. 
Despite this palacoecology remains a valid, if partial 
science. Much is now known about the post¬ 
mortem history of organic remaias (taphonomy; 
Chapter 12). of which an additional dimension 
involves buri.il processes (biostratinomy). This 
helps to disentangle the various factors responsible 
for deposition of a particular fossil assemblage, so 
that assemblages preserved itt situ, which can yield 
valuable palaeoecological information, can be dis¬ 
tinguished from assemblages that have been trans¬ 
ported. 

Biostratinomy or preservation history has both 
pre-bunal and post-burial elements. The fonner 
include transportation, physical, chemical or biolog¬ 
ical damage to the shell, and the att.ichnient of epi- 
fauna. F'ost-burial processes may involve 
disturbance by burrow'ers and sediment caters (bio- 
turbation), current reworking, solution and other 
diagenetic preservation changes. 

Modern environments and vertical distribution of 

animals 

Figure 1.4 shows the main environments within the 
Earth’s oceans at the present day and the nomen¬ 
clature for the distribution of marine animals within 
the oceans. 


Modem marine environments arc graded accord¬ 
ingly to depth. The littoral environments of the 
shore grade into the subtidal shelf, and at the edge 
of the shelf the continental slope goes down to 
depth; this is the bathyal zone. Below this lie the 
flat abyssal plains and the hadal zones of the deep- 
ocean trenches. There is often a pronounced zona- 
tion of life fonns in depth zones more or less parallel 
with the shore. In addition there is a general 
decrease in abundance (number of individuals) but 
not necessarily diversity (number ot species) on 
descent into deeper water from the edge ot the shelf. 
The faunas of the abyssal and hadal regions were 
originally derived from those of shallow waters but 
are highly adapted for catching the limited food 
.ivailable at great depths. These regions are, how¬ 
ever, impoverished relative to the sh.illow-watcr 
regions. 

Animals and plants that live on the sea floor are 
benthic; those that drift passively or swum feebly in 
the water column are planktic (= planktonic] 
since they are the plankton. Nekton (nektic or 
nektonic fauna) on the other hand comprises active 
swimmers. Ncritic animals belong to the shallow 
waters near land and include demersal elemeiiB 
which live above the continental shelves and teed 
on benthic animals thereon. Pelagic or oceanic 
faunas inhabit the surface waters or middle depths of' 
the open oceans; bathypelagic and the usually 
benthic, abyssal and hadal organisms inliabit the 
great depths. 
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figure 1.4 Modern marine environments. A, B and C in the inset refer to supralittoral, littoral and sublittoral environments. (Based 
on a drowing in Laporte, 1968.) 
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Oiih' the shelf aiid slope environments are nor¬ 
mally prcscrs'cd in the geological record, the trench 
sediments rarely so. The abyssal plains are underlain 
by basaltic rock, formed at the mid-oceanic ridges 
and slowly moving away from them to become 
finally consumed at the subdiiction zones lying 
below the oceanic trenches; it moves as ngid plates. 
The ocean basins are very young geologically, tlie 
oldest sediments known therein being of Triissic 
age. These arc now approaching a subdiiction zone 
and arc soon to be consumed without trace. Hence 
there are very tew indications of abyssal sediment 
now uplifted and on the continents. 

What is preserved in the geological record is 
therefore only a fraction, albeit the most populous 
part, of the biotic realm of ancient times. The sedi¬ 
ments of the continental shelf include those of the 
littoral. Ligooiial, shallow subtid<il. median and outer 
shelf realms. Generally sediments become finer 
Eow'ords the edges of the shelf, the muddier regions 
lying offshore. There may be reefs close to the shore 
or where there is a pronounced break in slope. 

Horizontal distribution of marine animals 
The main controls affecting the horizontal distribu- 
Don of recent and fossil animals are temperature, the 
nature of the substrate. s.ihnity and water turbu¬ 
lence. The large-scale distribution of animals in the 
oceans is largely a function of tcmpierature, whereas 
the other factors generally operate on a more local 
scale. Tropical shelf regions carry the most diverse 
bunas, and in tlicsc the species arc very numerous 
hut the number of individuals of any one species is 
relatively low. In temperate through boreal regions 
the species diversity' is less, though the number of 
individuals per species can be very large. 

Salinity in the sea is of the order of 35 parts per 
thousand. Most marine animals arc stenohalinc, 
i.c. confined to waters of near-nonnal salinity. A 
tew arc euryhaline, i.c. very tolerant of reduced 
silinirc'. The brackish water eiivironmeiit is physio- 
bgically ‘difficult', and faunas living in brackish 
waters are normally composed of very few species, 
especially bivalves and gastropods belonging to spe- 
dalized and often long-ranged genera. These same 
genera can be found in sedimentary rocks as old as 
the Jurassic, and their occurrence in particular sedi¬ 
ments which lack normaJ marine fossils is a valuable 
pointer to reduced salinity' in the environment in 
which they lived 


Water turbulence may exercise a substantial con¬ 
trol over distnbution. and the characters of faunas in 
high- and low-energy environments are often very 
disparate. Robust, thick-shelled and rounded species 
are nomially adapted for high-energy conditions, 
whereas chin-shelled and fragile forms point to a 
much quieter water environment, and it may be 
po.ssiblc to infer much about relative turbulence in a 
fossil environment merely from the type of shells 
that occur. 

MODERN AND ANCIENT COMAIUNITIES 
In shallow cold-temperature seas manne inverte¬ 
brates are nomially found in recurrent ecological 
communities or associations, which are usually sub¬ 
strate related. In these a particular set of species 
are usually found together since they have the same 
habitat preferences. Within these conuiiunities the 
animals either do not compete directly, being 
adapted to microniches within the same habitat, or 
have a stable predator—prey relationship. 

Connmmity structure is norm.illy well defined in 
cold-temperature areas, but in warmer seas where 
diversity is higher it is generally less clear. 

Petersen (1‘)18), working on the faunas of the 
Kattegat, first studied and defined some of these nat¬ 
urally occurring communities. He also recognized 
two categories of bottom-dwelling animals; infau¬ 
nal (buried and living within the sediment) and 
cpifaunal (living on the sea floor or on rocks or 
seaweed). It was soon found that parallel communi¬ 
ties occur, with the same genera but not the same 
species, on the opposite sides of the Atlantic. Since 
this pioneer work a whole science of comnuinity 
ecology has grown up, having its counterpart in 
palacoccology. Much effort has been expended in 
trying to understand the composition of fossil 
communities, the habits of the animals composing 
them, community evolution through time and, as 
far as possible, the controls acting upon them (e.g. 
Thorson, 1957, 1971). This is perhaps the most 
active field of palaeoecology at present, as a host of 
recent onginal works testifies (e.g. Craig, 1954; 
Ziegler et ai, 1968; Boucot, 1975, 1981; Scott and 
West, 1976; McKcrrow, 1978; Skinner ef d/., 1981; 
Dodd and Stanton, 1990; Boscnce and Allison, 
1995; Brencldey and Harper, 1997). 

As Fiirsich (1977) makes it clear, however, most 
fossil assemblages ‘lack soft-bodied animals. Wliere 
possible trace fossils can be used to compensate for 
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this but they arc no real suhstitute’. Hence assem¬ 
blages, associations and even palaeocommunities 
must not be considered as directly ec|uivalent to the 
sea-floor communities ot the present day. Using 
biostratinomic and sedimentological data the 
‘degree of distortion’ from the original community 
can in some cases be estimated, 

FEEDING RELATIONSHIPS AND COMMUNITIES 
All modem animals feed on plants, other animals, 
organic detritus or degradation products. The tiny 
plants of the plankton are the primary producers 
(autotrophs), as are seaweeds. Small planktic ani¬ 
mals are the primary consumers (herbivores and 
detntus eaters); there are secondary (carnivores) 
and tertiary consumers (top carnivores) in turn. 
Each animal species is therefore part of a food web 
of trophic (i.e. feeding) relationslups wherein there 
are a number of trophic levels. In palaeoecology it 
is rarely possible to draw up a reahstic food web 
(though this is one of the more important aspects ot 
modem ecology), but most fossil animals can usually 
be assigned to their correct feeding t\’pe and so the 
trophic level may be estimated reasonably. 

Of primary consumers the following types are 
important: 

filtcrers or suspension feeders, which arc infaunal 
or epifaunal animals sucking in suspended organic 
material from the water; 

epifaunal ‘collectors' or detritus feeders, which 
sweep up orgaiuc matenal from the sea floor; 
some infaunal bivalves and worms are also collec¬ 
tors; 

sw.allowcrs or deposit feeders, which are infaunal 
animals unselectivcly scooping up mud rich in 
organic material. 

Secondary and tertiary consumers, the carnivores, may 
prey on any of these, but it is the communities of the 
primary' trophic level that are most conunonly pre¬ 
served becau.se of their sheer number of indishduals. 

In many living communities most ot the ‘bio- 
mass' is actually contributed by very few t.ix-a, usu- 
,'dly not more than five (the trophic nucleus), but 
there may be representatives of a number ot other 
species in small numbers. In this system competition 
betss'cen the species concerned seems to be mini¬ 
mized. It is thus mutually beneficial since the differ¬ 
ent taxa are exploiting different resources within the 


environment. Living conununities are therefore gen¬ 
erally well balanced, the number of species and indi¬ 
viduals of particular specie's being controlled by the 
nature and availability of food resources. Fossil asseni-; 
Wages may be tested according to this concept. It tliey } 
arc ‘unbalanced’ then either (1) there may have been 
soft-bodied unpreservable organisms which originally 
completed the balance or (2) the assemblage has been 
mixed through transportation and thus does not 
reflect the tnie original community. 


FAUNAL PROVINCES 

Marine zoogeography (Ekman, 1U53; Briggs, 1974; 
Hallam, 1996) is primarily concerned with the 
glob.ll distribution of marine faunas and with thei 
definition of faunal provinces I'hese arc large 
geographical regions of the sea (and most particu¬ 
larly the continental shelves) within which the fau¬ 
nas at the specific, generic and sometimes familial I 
level have a distinct identity. In faunal provinew 
m,iny of the animals are endemic, i.e. not found' 
outside a particular province. Such provinces art 
often separated Ironi neighbouring provinces by 
fairly sharp boundaries, though in other cases thi’ 
boundaries may be i;iore gradational. 

Figure 1.5 shows the main zoogeographical 
regions of the present continental shelves as defined 
by Bnggs (1974). 

Tropiciil shelf, warm temperate, cold temperate 
and polar regions can be distinguished, whose liinio, 
arc controlled by latitude but also by the spread ofl* 
warmer or colder water through m,ijor marine cur--’^ 
rents. Tropical shelf faunas occur in four separate 
provinces. Of these the large Indo-West Pacifie s 
province, extending from southeni Africa to c.isteni> 
Australia, is the richest and most diverse and hai> 
been a major centre of dispersal throughout the 1 
Tertiary. Smaller and generally poorer provinces ofT 
tropical faunas are found in the East Pacific, WestV 
Atlantic and (least diverse of all) East Atlantic. Fhesc^ 
arc separated both by land barriers (c.g. the Panama i 
Isthmus) and by regions of cooler water (e.g. where I 
the cold Humboldt Current sweeping up the west-^ 
ern side of South America restricts the tropical fauna 
to within a few degrees south of the equator). ^ 

The shelf faunas of cooler regions of the world r 
arc likewise restricted by temperature, and againit 
w.ann or cold currents exercise a strong control ofu 
their distnbution. Some zoogeographic ‘islands’ can* 
be isolated by regions of wanner or cooler water. 
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%«re 1.5 Distribution of inodern marine shelf-living animals in founal provinces, using Winkel's Tripel' projection. (Based on a 
drawing in Briggs, 1974.) 


For example, the tip of Florida carries a tropical shelf 
6una. isolated to the northeast and northwest by 
cooler water areas, but though this is part of the 
West Atlantic tropical shelf province it has been iso¬ 
lated for some time and therefore its fauna has 
diverged somewhat from that of the Caribbean 
shelf, Likewise some oceanic islands (e.g. the 
Galapagos) may be considered as part of a general 
loogeographic region or province, but as their 
shelves have been initially colonized by chance 
migrants they may have very' many endemic ele¬ 
ments which have evolved in isolation. How many 
of these endemics there are may depend largely on 
how long the islands have been isolated. 

The development of today’s faunal provinces has 
been charted throughout most of the Tertiary. At 
present Mesozoic and Palaeozoic provinces arc hke- 
mse being documented (Middlemiss cl al., 1971; 
Hallam, 1973; Hughes, 1975; Gray and Boucot, 
1179; McKerrow' and Scotese, 1990). When used in 
conjunction with palaeocontinental maps it may be 
possible to see how the distribution pattern of 
annent faunas related to the position of ancient con¬ 
tinental masses and their shelves. Sometimes palaeo- 
loogcographical and geological evidence irmy have 
a beanng upon palaeoteinperaturcs and even allow 
some inference to be made regarding ancient ocean 
cunent systems. 


MexJem and ancient reefs 
Throughout geological time animals have not only 
become adapted to particular environments but also 
themselves created new habitats and environments. 
Within these there has been scope for almost unlim¬ 
ited ecological differentiation. 

Perhaps the most striking examples of such bio¬ 
genic environments are the reefs of the past and 
present. Reefs (Fig. 1.6) are massive accumulations 
of hinestone built up by lime-secreting algae and by 
various kinds of invertebrates. 

Through the activities of these frame-builders great 
mounds may be built up to sea level, with caves 
and channels within them providing a residence for 

BASIN_SLOPE RIM_LAGOON OR SHELP 


reef reef facies 



Figure 1.6 Generalized section through a reef {algol or coral). 
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iiuiuiiicrablc kinds of amnials. all ecologically differ¬ 
entiated for their particular niches. 

In the barrier and patch reefs of the tropical seas 
of today, which grow up to the surface, the wann, 
o.xygen-rich. turbulent vv'aters allow rapid calcium 
metaboli.snj and hence continuou.s growth. The 
principal frame-builders are algae and corals, but 
there arc many other kinds of invertebrates in the 
reef conimumty'; sponges, bryo7oans and molluscs 
amongst others. Some of these add in minor ways to 
the reef framework; others break it down by bonng 
and grazing. The growth of the reef to sea level 
continually keeps pace with subsidence, bur it is also 
being continually eroded. In a typical coral reef 
complex the reef itself is a hard core of cemented 
algal and coral skeletons facing seawards, and as the 
reef subsides it grows outwards over a forereef slope 
of tumbled boulders broken from the reef front. 
Behind it is a lagoon with a cor.xl sand sediment and 
tidal flats along the shore colonized by cyanobacteria 
(‘blue-greens’). Clreen algae are commonest in the 
back-reef facies; red algae are the main lime sccrcters 
of the reef Itself 

Large reefs such as the above arc known as bio- 
hcniis; they form discrete mounds rising from the 
sea door. Biostromes, on the other hand, are flat 
laminar communities of reef-tc^pe animals and barely 
nse above the sea floor. 

Throughout geological history there have been 
various kinds of reef communities, which have 
arisen, flounshed and become extinct. In all ot these 
the frame-builders have included algae, but the 
invertebrace frame-builders have been of different 
kinds; the present corals are only the most recent in 
a senes of reef-building aiimials (Ncw'cll, rii72). 

The oldest known reefs arc over 2000 Ma old. 
made up entirely of sediment-trapping and possibly 
hme-secreting cyanobacteria: the prokaryotic stro¬ 
matolites. Some of these reefs reached considerable 
dmiensioris. One is reported from the Great Slave 
Lake region m Canada as being over 450 m thick, 
and separating a shallow-water carbonate platfomi 
from a deep-water turbidite-filled basin. There arc 
no preserved metazoans in these reefs, how'cvcr. and 
their ecological structure may have been very' sim¬ 
ple. 

With the rise of frame-building metazoans in the 
Lower Cambrian a new kind of reef community 
made its appearance. Stromatolitic reefs were 
invaded by the sponge-like archaeocyathids, grow¬ 


ing in clumps and thickets on the reef surface. . 
When these earliest of reef invertebrates became 
extinct in late Middle Cambrian time there were riOi 
more reef animals until some 60 Ma later; the only' 
reefs were stromatolitic. In Middle Cirdovician timi. 
these algae were joined by corals and stromatu-i 
poroids (lime-secreting sponges; Chapter 4) as well) 
as by red algae, which together formed a reef envi-, 
ronment attracting a host of other invertebrates 
including brachiopods and trilobites. For uiiknowjil 
reasons this type of reef complex did not continued 
beyond late Devonian time. The reefs that arose in 
the Carboniferous were mainly algal, stromato- 
poroids and corals no longer playing such an impor- [ 
t.int p.art in their construction. 

The s.ime kind of reef continued into the 
Permian, and many of these fringed the shrinking | 
inland seas of that time. They rose at the edge ofj 
deeper basins in which the water periodically 
became more saline as it evaporated; there w'as like¬ 
wise evaporation in giant salt pans behind the reef as 
water drawn through the reef dried out in the 
lagoons behind. In the Permian reefs of Texas ami 
northern England, which arc very large, the reef 
front rose as a vertical wall of laminated algal sheets, 
turning over at the reef crest W'here it reached sea 
level (Fig. 1.7). 

The upper surface was intensely colonized by 
stromatolites, w'hich died out towards the lagoonal 
hack-reef facies. This kind ot reef in general mor¬ 
phology therefore does not closely appn)ximate tlw 
standard pattern of Fig. 1.6. When the Permian shell 
seas had dried out completely the Pemiian reel- 
complex type v.anished, and there were no mort 
reefs until the slow beginnings of the coral—algal reep 
system that arose in the late Triassic. Coral reef 
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Figure 1.7 Crest of a Penriion algal reef. (Redrawn from Smitfi, 
1981.) 
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have expanded and Hourislit-d since then, other than 
diinng a catastrophic period in the early Cretaceous 
from which there are no reefs known (though corals 
must have been living somewhere at that time). 
Wl'cn the corals recovered they were joined in 
many places by the peculiar rudistid bivalves, also 
ntef fonners, which at one period almost supplanted 
corals as the dominant reef frame-builders. Yet these 
to(t died out in the late Cretaceous, leaving corals 
the undisputed and dominant reef-building inverte¬ 
brates. 

There has been some decline in the spread of 
coral reefs and in the mimher of coral genera since 
the beginning of the Tertiary. They are now con¬ 
fined to the Indo-Pacific region and on a smaller 
sale to the West Atlantic. This decline may still be 
continuing, though the reefs were not significantly 
alTected by the Flcistoccne glaciation. The future of 
world reef communities, the most complex of all 
manne ecosystems, remains to be seen. 

funcfional morphology, growth and form 
The functions of particular organs in fossils cannot 
be established by many of the methods available to 
zoologists, but it is still possible to go some way 
towards explaining how particular organs worked 
when the animal that bore them was ahve. Such 
frinctioiul interpretation is, however, limited and in 
many ways it is hard to go beyond a certain point, 
even when the function of a particular organ is 
known (section 11.3). 

Paliieontologists arc often presented cither with 
organs whose function is not clear and which have 
no real counterparts in living animals, or wath fossils 
of bizarre appearance wJiieh are so modified from 
the nomi.il type for the taxon that they testify to 
extreme adaptations. Some attempts can he made 
towards interpreting these morphologies in terms of 
adaptation and mode of life, which in turn may lead 
to a dearer understanding of evolutionary piroccsscs. 
If these problems arc to he tackled, then a coherent 
methodological scheme is needed. k)ne particular 
system of approach, the paradigm method of 
Ruiiwick (I%1). ha.s been much discussed, but it 
lies largely outside the scope of this work and 
so only some examples of its applicadoii are 
mentioned. 

Two related .aspects of palacozoology wliich can 
he deduced from fossilized remains alone are growth 
mil form. Following the classic work of d’Arey 


Thompson (1*^17) it has been understood that the 
confonnation of the parts of any organism is die 
result of interacting forces, dictated by physicomatli- 
emarical laws, which have operated through 
growth. The central issue here (Thomas and Keif. 
1903) is the balance perceived berween ‘accidents of 
history and the presenption of physical laws, as 
causes of organic design’. 

Different marine invertebr.itc skeletons may be 
functionally convci^ent in the way they grow, 
and the same kinds of growth patterns turn up 
frequently in representatives of many phyla. This 
is because there are relatively few w.ays in which 
an animal can grow and yet can produce a hard 
covering. Invertebrate skeletons, b\' contrast with 
those of vertebrates, arc generally' external, and this 
narrows down the spcctnim of growth possibilities 
still further. Some of these types of skeletons are as 
follows. 

E.xtcnial shells growing at the edges only by 
accretion of new material along a particular mar¬ 
ginal zone of growth. Very often .such growth 
results in a logarithmic spiral shell as m brachio- 
pods, ccphaloptids and in coralla of cert.iin simple 
corals. 

Extem.il skeletons of plates — disjunct, contiguous 
or overlapping — normally secreted along a single 
zone which may be but is not always marginal. A 
good ex.implc is the cchinodemi skeleton in 
which the pl.itcs once formed .ire pennanently 
locked into place, though they may thereafter 
grow individually by .accretion of matenal in con¬ 
centric zones. 

E.xtcnial skeletons all fbnned at the one rime. 
The .irthropod cxoskeleton is most typical. 
CJrowth here is difficult for the skeleton has to be 
pcriodic.ally moulted, a process known as eedy- 
sis. When the old cxoskeleton is cast the arthro¬ 
pod takes up water or air and swells to the next 
larger size, and the new cuticle which underlies 
the old one then hardens. Growah is thus rapid 
and episodic and is only possible during moulting. 
The disadvantage of this system is the vulnerabil¬ 
ity to damage and predation during moulting. 

Essentially, any kind of skeleton, internal or 
external is ‘highly' constrained by geometric rules, 
growth processes, and the properties of materials. 
This suggests that, given enough time and an 
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extremely large number of evolutionary experi¬ 
ments, the discovery by organisms of “good” 
designs - those that are viable and can be con¬ 
structed with available materials — was inevitable and 
in principle predictable . .. the recurring designs we 
observe are attracton. orderly and stable conligura- 
tions of matter that must necessarily emerge in the 
course of evolution' (Thomas and Reif, 1993). 

In point of fact the potential available has been 
very well exploited by living creatures, though spe¬ 
cific constraints seldom allow the production of 
ideal organisms. Nature works as a rinkcrer, rather 
than as an engineer (Jacob, 1977; sec also Chapter 2) 
- a point to be borne in mind in considering aU bv- 
ing and fossil organisms. 


Stratigraphy 

Sedimentary rocks h ive been built up by l.ryer upon 
layer of sediment, which sometimes has been much 
the same for long periods of time but at other times 
has changed its character rapidly. The individual 
layers within sedimentary rocks are separated by 
bedding planes. These bedding planes are time hori¬ 
zons. and the bistort' of a rock sequence is reflected 
in its layering. Each layer in the rock sequence must 
have been laid down on a pre-existing layer, so that 
die oldest rocks arc at the bottom of an exposed 
sequence, the youngest at the top, unless the succes¬ 
sion has been tectonically inverted. This is the prin¬ 
ciple of superposition, recognized as long ago as 
1669 by the Danish scientist Nicolaus Stcensen 
(Steno). 

Stratigraphy is coiiccnied with the study of strati¬ 
fied rocks, their classification into ordered units and 
their historical interpretation. It bears not only upon 
past geological events but also upon the history of 
life and is perhaps the most basic part of all geology 
(Harland and Amistrong, 1990; Benton, 1995). 

Much of stratigraphy is coiicenied with clironol- 
ogy; the geological record has to he divided up into 
time periods which are standardized, as tar .as possi¬ 
ble, all over the world. One of the pnmary aims of 
stratigraphy has been to produce an accurate 
chronology in which not only the order of events 
hut also their dates arc known. Stratigrapiiical classi¬ 
fication is ba.sic to all of this. 

There are three principal categories of strati¬ 
grapiiical classification, lithostratigraphy, bio¬ 


stratigraphy and chronostratigraphy, all of which 
are ways of ordering rock strata into meaningful 
units (Hedbcrg, 1976; Holland cl al., 1978). 

Lithostratigraphy 

Lithostratigraphy is concerned with the erection of\ 
units based upon the characters of the rocks and dif¬ 
ferentiated on types of rock, e.g. siltstone, limestone 
or clay. It is useful in local areas and essential in 
geological mapping, hut there is always the danger I 
that even in a small area rock units cut across time! 
planes. For instance, if a shoreline has been advanc-' 
ing in one direction a particular suite of sediments,) 
probably of the same general kind, will he left in itii 
wake. Though this bed wiU appear in the rock* 
record as a single unifonn layer, it will not all havfjj 
been deposited at the one time; since it cuts aerosit^' 
time planes it is said to be diachronous. Such- 
diachronism is common in tlie geological record 
Furthennorc, many suites of sediments are laterally J 
impersistcnt; different sedimentary facies may have- 
existed at the same time within a small space - a 
sandstone layer, for instance, passing into a slide j 
some distance away. Lithostratigraphy is thus only of 
real value within a relatively small region. 

The divisions erected in lithostratigraphy are. 
arranged in a hicrarchial system: group, forma¬ 
tion, member and bed. A bed is a di.stinct layer ii) 
a rock sequence. A tnember is a group of beds- 
muted by certain common characters. A fomiaticra* 
is a group of members, again united by charactenl 
with features in common. It is the primary unit ol” 
lithostratigraphy and is most useful in geological! 
mapping. Hence it is fomiatioiis that arc nonnally. 
represented by ditTcrcnl colours on geological m.ip' 
and cross-sections, and a foniiation is normallv 
defined for its mapping applications. Finally, a group 
ranks above a ftinnation; it is composed of two oi 
more fonnations and is often used for siniplih-ing 
stratigraphy on a small-scale map. 

Biostratigraphy 

In biostratigraphy the fossil contents of the beds an 
used in interpreting the historical sequence. It u 
based upon the principle of the irreversibility' of 
evolution. This means that at any one moment » 
the Earth’s history there was living a unique and! 
special assemblage of animals, characteristic of that 
period and of no other. As time went on these wert 
replaced by others; each successive fossil assemhkgf, 
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^ is a pale reflection of the life at the time that the 

1 enclosing sediments were deposited. Thus during 

the early Palaeozoic trilobitcs and brachiopods were 
the most common fossils. By the Mesozoic the most 
abundant prescrvable invertebrates were the 
f ammonites; they too became extinct, and snails and 

bivalves are the comnronest relics of Cenozoic time, 
r This is how it appears on a broad scale. However, 

I when the time ranges of individual fossil .species arc 

r examined it is evident that sotnc of these lasted for 

? only a fraction of geological rime, charactenzing 

very precisely a particular brief histoncal period. 

, In any local area, once the sequence of fossil fau- 

i nas has been precisely c.stabli.shcd through assiduous 

1 coUectiun and documentation from exposed sec- 

r Oons, this known succession can be used for correla- 

i tion with other areas. Certain fossil species have 

I been found to be particularly good stratigraphical 

, markers. They characterize short sections of the 

' geological succession known as zones. To rake an 

1 example, ammonites are particularly good zone fos- 

I sils for Mesozoic stratigraphy. The Jurassic period 

lasted some 53 Ma, and in the standard British suc- 
cession there are over fif) ammonite zones by which 
it is subdivided, so the zones are defined historical 
: periods which have an average duration of less than 

a million years each. 

I The practical problems in biostracigraphy are, 

1 however, very' complex, and some parts of the geo- 

I logical succession arc much more closely zoned than 

I others. The main problems are is follows. 

1. Many kinds of fossils, especially those of bottom- 
dwelling mvertebrates, arc facies controlled. They 
lived in particular environments only, c.g. lime- 

- mud sea floor, reef, sand or silty sea floor. They 

were often highly adapted for particular condi- 
notis of temperature, salinity or substrate and are 
not found preserved outside this environment. 
This means that they can only be used for corre¬ 
lating particular environments and thus arc not 
universally applicable. 

2. Some lands of fossils arc very long-ranged. Their 
rates of evolutionaty change were very slow. 
They can only he used in a broad and general 
sense for long-period correlation and arc of very 
little use for establishing close subdivisions. 

.V Good zone fossils such as the graptolites arc deli¬ 
cate and only preserved m quiet environments, 
being destroyed in more turbulent conditions. 


4. Since fossil species could migrate following their 
own environment through time, dierc is always a 
possibility of diachronous faunas. The zone as 
defined in one area may not therefore be exactly 
dme-eqiiivalcnt to that in another region. 

In the example of a graptolite, therefore, for tiie 
reasons outlined in (3) and (4), the total range or 
biozone of a species is not likely to be preserved in 
any one area, and it is therefore hard to draw ideal 
isochronous boundaries or time lines. 

Ideally, zone fossils should have a particular com¬ 
bination of characters to make them fully suitable 
for biostratigraphy. These would be: 

a wide horizontal distribution, preferably inter¬ 
continental; 

a short vertical range so that they could be used to 
define a very precise part of the geological col¬ 
umn; 

enough morphological characters to enable them 
to be identified and distinguished easily; 
strong, hard shells to enable them to be com¬ 
monly preserved; 

independence of facies, as would be expected 
from a free-svsdnuning animal. 

All of these conditions arc seldom fulfilled in fos¬ 
sils used for zoiiation; perhaps the ncritic ammonites 
come closest to it, and it is not surprising that the 
principles of really precise stratigrapliical correlation 
were first worked out fiiUy with these fossils, 
notably by the Gcniian pabeontologist A. Oppel m 
the 18.5()s. 

It was Oppel too who first recognized that there 
are various ways of using fossils in stratigraphy 
which partially circumvent the difficulties inen- 
rioiied, and hcncc different types of biozones. There 
arc four main kinds of biozones generally used 
(Hcdbcrg, 1976). Assemblage zones are beds or 
groups of beds with a natural assemblage of fossils. 
They may be based on all the fossils preserved 
therein or on only certain kinds. They are usually 
very much environmentally controlled and there¬ 
fore of use only in local correlation. Range zones 
are perhaps of more general application. A range 
zone usually represents the total range of a particu¬ 
larly useful selected element in the fauna. One may 
therefore refer to the Psiloccras plmorbis zone, based 
upon the eponymous ammonite that defines the 
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lowest zone of the European Jurassic, above winch 
is the Si-hlotlieimia zone. Each range zone is 

always named after a pamcular species which occurs 
witlun it. Where there arc a number of zonally use¬ 
ful species, or where the ranges ot individual species 
are long, a more precise time definition may be 
given by the use of overlapping strati graplucal 
ranges. Such zones are therefore called concurrent 
range zones Acme or peak zones are useful 
locally. An acme zone is a body of strata m winch 
the maximum abundance oi a particular species is 
found, though not its total range. Such acme zones 
may he narrow but are often useful as marker bon- 
zons in geological mapping. Finally, an intcrv'al 
zone is an interval between two distinct biostrati- 
graphical horizons. It may not have any distinctive 
fossils, or indeed any fossils at all, being simply a 
convenient way of refeiring to a group ot strata 
bracketed between wo named biostratigraphically 

defined zones. 

liiostratigraphical units, unlike htho- an 
chronostratigraphical units, arc not hierarehially 
arranged, apart from ui the case ot subzones, which 
are local divisions where a zone can be divided 
more finely m a particular region than elsewhere. 

A different kind of siratigraplnc concept, the bio- 
mere (Palmer, 1984) was defined as a 

regional biostratigraphic unit boimdcd by abrupt, 
non-cvolutionary changes in the dominant elements 
of a single phylum. These changes arc not necessar¬ 
ily related to physical discontiniiities m the sedmien- 
taty record and they may ht^ diaclironous. The 
biomerc concept has proved most usetiil m studies 
of late Cambnan trilobitc tauuas, where a repeated 
pattern of events is evident Ironi the fossil record. In 
^ each biomere the shell sediments contain an initial 
tauna of low diversiW and short str.itigraphical range 
(one or W'O species otdy). However, later taunas 
within the biomcrc become niuch more diversified 
and of longer stratigraphic range and suggest, by this 
stage, bound adaptive plans' and the zenith ot the 
trilobite fauna. At the top of the hionicrc there is 
often a nithcr specialized fauna ot short-lived trilo- 
bites, then .ill the groups become extinct abrupdy. 

The succeeding biomere begins m the same way 
as Its predecessor, often with trilobltcs ot similar 
appearance to those at the base of the first one. They 
may have migrated in trom a stock ot more slowdy 
evolving tnlobitcs in an outlying, possibly deeper- 
water area. The later development of the new bio- 


mere IS as before; expansion and diversification fol¬ 
lowed by extinction. Several such bmmeres have 
been defined in the intensively studied Upper 
Cambrian of North America. The pattern is invari¬ 
ably similar and could probably be disceriied in 
other parts of the geological column as well. 

Chronostratigraphy 

Chronostradgraphy is more tar reaching than either 
bio- or lithostratigrapliy but has its roots in both ot 
them. Its purpose is to organize the sequence ot 
rocks on a global scale into chronostratigrapliical 
units, so that all local as well as worldwide events 
can be related to a smgle standard scale. Hence u is 
concerned with the age of strata and their time rela¬ 
tions. To do this a hierarchical dassitication ot timc- 
equivalcnt units must he employed. The 
conventional hierarchical sysrcni used is as shown m 
Table 1.1. 


Table 1.1 Conventional hierarchical correlation between 
chronostratigraphical ond geocKronologieal units 


Cbronostrotigraphical units 

Geochrooplogicol units 


Eonothem 

Aeon 


Eratbem 

Era” 


System“ 

Series" 

Period" 

Epoch” 


Stage” 

Age 


Chronozone 

Chron 

__ _ 

'’These terms ore in most common use. 


Chronostradgraphical units relate quite simply to 
geochronological units; thus the rocks of the 
Cambrian System were all deposited during the 
Cambrian Period. Most of these terms are selt- 
explaiiatory, but it should be recognized that tliey 
are all, at least in theory, worldwide in extent. 

The Psiloceras pkvwrhis chronozone is a rime unit 
equivalent to the time in whieli the said ammonite 
was in existence, even if it was confined to certain 
parts of the world only. It is hard indeed, however, 
to be able to delimit dironozones accurately, since 
most fossils were confined to certain geographical 
regions or provinces, as are most of the animals liv¬ 
ing today. There are relanvdy few well-established 
chroiiozoncs, or \vorld instants' as they have been 
called, and so ‘diroiiozone'. though it has a real 
meaning, is not a term applicable to most practical 
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stntip-jphy. A stage, oh the orher hand, is a group 
uf successive zones liaving great pracricaJ use, espe- 
chDy since it is nonnally the basic workang time 
unit of chroHostratigraphy, the narrowest that can 
actually he used on a regional scale. 

It IS usually at the stage level that rocks of widely 
clifTcrcnr fades can be correlated. As an example 
tliere arc some ditFiculties in making precise zonal 
oirrelations between Ordovician tnlobite-brachio- 
pod fauna.s and time-ecjuivalent faunas with grapno- 
lites. Graptolites are rarely preserved in the siltstones 
and limestones favoured by the shelly fossils, and tlie 
I l.ittcr, being benthic, could not inhabit the stagnant 
muds in winch the graptolites were best preserved. 

1 In some areas, of course, the faunas do alternate in 
vertical sequence since the sites of deposition of 
these two tacies fluctuated with oscillating shore¬ 
lines, but tbougli precise zoue-ro-zone correlations 
are possible at some levels it is found in pr.ictice that 
Ordovician graptolite zones correlate best with 
Stages defined on shelly fossils. 

Fossils give a relative chronology wliicli can be 
used a.s the prunary basis of chronostratigraphy. 
Nevertheless, it is often hard to correlate precisely 
beds of equivalent age in w'ldely separated areas, 
The fossil sequences, though well documented with 
I any one area, may contain very few elements in 
common, if mdeed any at all, since they belong to 

I different faunal provinces which are Itard to corre- 
lite. Sometimes, however, the boundaries of such 
provinces may have o.vcillated to and fro. There may 
therefore appear elements of adjacent faunal pirov- 
inces m vertical succession, thus facilitating strati- 
jpphical correlation. At most stratigraphical horizons 
there arc usually some ubiquitous worldwide fossils, 
so that intercontinental correlation is not impossible. 
In chronostratigraphy the relative sequence given 
hy the fossils is supplementeil and enhanced by 
absolute dates which can be .ifflxcd at certain points 
I wherever appropriate rocks occur. These are usually 
lavas bracketed between fossilifcrous sediments, and 
their occurrence is not too common. It is mo.st 
' unlikely, therefore, tliat raeliometric dating will 
supcBcde palaeontological correlation; the two are 
entirely comptlemeiitary, and the great success of 
chronostratigraphy, in spite of its hmuatiesns, owes 
much to both. The use of automatic data-proce.ssing 
and retrieval systems is growing and may (Hughes, 
IW) compensate for some of the constraints in 
present stratigraphical prractice. 
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Evolution and the fossil 
record 


2.1 InIroducHon 


Amongst all the sacnces concerned with organic 
evolution it is only palaeontology that has the 
unique perspective of geological time. It is the rock 
record alone that provndes an historical perspective 
for the study of evolutionary events, and this time 
dimension could never have come from any other 
source. Accordingly, the input of palaeontology to 
evolution theory has been in understanding the his¬ 
tory of life, in interpR'ting patterns of evolution 
(e.g. adaptive radiations) and lines of descent, and, 
importantly, in assessing rates of evolurion. Now it 
has to be admitted that the fossil record is incom¬ 
plete, and to interpret it can in some instances be 
‘like trying to read a diary with half the pages 
missing' (Sheldon, 108S). Yet it still remains an 
immensely rich source of primary' data, and can 
give, if resolved finely enough, a fair picture of evo¬ 
lutionary’ events that actually took place, however 
long ago. 

The student of palaeontology needs to have some 
background in biological evolutionary theory, other¬ 
wise he wll be in the position of‘the man standing 
by the roadside and watching the cars go past but 
without any idea of how their engines work’, to use 
Brouwer’s (1973) graphic simile. For the fossil 
record cannot give much information on the mech¬ 
anism of evolutionary change; this has to be pro¬ 
vided by genetics, cytology', molecular biology and 
population dynamics, building upon the original 
conceptions of Charles Darw'in. Many years ago the 
first real multidisciplinary' amalgam of data was pub¬ 
lished as Et’olutMii: the Modem Synthesis (Huxley, 
1942). From this highly succcssfril attempt at weld¬ 
ing together information from various sources, the 
neo-Darw'inian sy'nthesis takes its name — and this is 
a usetlii starting point. But recent developments in 


molecular biology arc transforming and adding to 
this synthesis, and new views on the nature of the 
gene seem to be changing our whole conception of 
how organisms evolve. 

In the following text, therefore, I present firstly a 
simplified account of classic neo-Darwinian evolu¬ 
tionary theory, aimed particularly at students of 
Earth science who may only have a limited back¬ 
ground in biology. This includes some infonnation 
on the impact ot new infonnation from molecular 
genetics on evolution theory. This section is not 
intended to be comprehensive, nor does it pretend 
to be a guide to all recent developments and dis¬ 
coveries. Fuller treatments arc readily available else¬ 
where viz., Simp.son (1953), Maynard Smith (1975, 
1982), Mayr (1963, 1976), Dawkins (1986), 

Dobzhamky et al. (1977), Gamlin and Vines (1987), 
Bonner (1988), Endler and McLcllan (1988), 
Hoffmann (1989), Campbell and Schopf (1994), 
Maynard Smith and Szathmary (1995), Futuyma 
(1996), Strickberger (1996), Ridley (1996) and 
others listed in the bibliography, while Valentine 
(1973), Hallam (1977), Stanley (1979), Cope and 
Skelton (1985), Levinton (1988) and Skelton (1993) 
are more directly concerned with evolution and 
the fossil record. In the second part of this chapter 
there is a more extended account of what the fossil 



change. 


2.2 Darwin, the species and natural 
selection 


The theory of evolution links together a multiplicity j 
of biological phenomena and is underpinned by all 
the evidence of the geological record. It remains a 
theory, not a proven fact, for the immense timescale 
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over which evolutionary changes have taken place 
docs not pennit their direct observation. There is, 
however, no other theory which encompasses so 
mutli and accords with the evidence of comparative 
anatomy, biochemistry and physiology, of genetics 
and cytology, and of the relationships between 
orpnisms perceived by taxonomy. Whereas the 
evidence ni some of these fields is circumstantial, 
when brought together and interpreted it builds up 
to a theory of formidable consequence, and as 
Dobzhansky has said, ‘Nothing in biology makes 
sense except in the ligiit of evolution,’ 

The recent facile attempts to discredit evolution 
by self-styled ‘creation scientists’ have been so elo¬ 
quently dispatched by Dott (19^2), Kitcher (1982) 
and Stanley (1982) chat no further comment is 
needed here. 

Although Charles Darwin is generally regarded as 
the father of evolution theory (Darwin, 1859), there 
were many pre-Darwiman scientists who postulated 
that animals and plants had changed over long peri¬ 
ods of time and that new types of‘species' had arisen 
from pre-existing ones. These early workers and 
Darvnn himself identified many different points 
which could be regarded as evidence for the origin 
ot modem species from pre-existing and more 
primitive ancestors. All these are accepted today, 
though refined and added to. Taxonomy, as always, 
lies at the heart of evcikicionary thought, and closely 
intcmvmcd with it is comparative anatomy. The 
five-fingered, or pentadactyl, limb of higher verte¬ 
brates, for example, has been modified in a variety 
of ways. The grasping hand of primates, the flippers 
of marine immmals, the wings of birds and bats; 
the hoofs of horses - they all look dissimilar, but 
are all variants on a common theme. Likewise the 
diversity in structure and function of the beaks of 
the Galapagos finches (Gcospiza), which Darwin 
encountered during the voyage of the Eifai;U' in 
1S33, led him to say ‘Seeing this gradation and 
diversity in stnicturc m one small, intimately related 
group of birds, one might really fancy that from an 
original paucity of birds in this arclnpehago, one 
species had been taken and modified for diftcrent 
ends'. Geographical distribution was seen as impor- 
onr to evolutionary thought in other w.iys too. 
Thus the existence of ‘relict’ and isolated species 
(e.g. iungfish) in difFerent parts of tlie world surely 
indicated an original widespread ancestral type, a 
wlssequcnt population collapse, and restnetion of a 


few species to small areas only where each had 
become adapted to its own environment. 

L3arwin was particularly interested in selective 
breeding of animals and plants under domestication. 
He realized that the pre.seiit great variety of dogs and 
cattle had been produced in only a few thousand 
years from only one or at most a few ancestral types. 
He concluded that a great potential for ‘descent 
with modification' must exist in all animals and 
plants which could be speeded up by such artificial 
breeding. This led on to the belief that similar 
processes, though probably on a slower time scale, 
had operated in the wild state; in other words ‘nat¬ 
ural selection'. TTuis breeding experiments arc the 
foundation of classical genetics, wliere the mecha¬ 
nism of heredity is understood in terms of its clTccts. 

Darw'iii was also conccnied with palaeontology 
bur he found that the fossil record was somewhat of 
a disappointment m supporting the case for evolu¬ 
tionary change. He had hoped to find evidence 
of gradational change between animal species, of 
‘infinitely numerous transitional links’ connecting 
ancestors to descendants and of stratigraphic,illy 
arranged series showing ‘descent with modification’. 
In fact, he did not find what he had expected. 
Darwin assumed that the imperfections of the rock 
record and the limitations of knowledge at that nine 
were the factors responsible. He was indeed partially 
correct, but to this point we shall return later. 

Of the pre-Darwinian evolutionists the most 
prominent was the French naturalist Jean-13aptistc 
Lamarck (1774—1829), who proposed long before 
Darwin tliat all living organisms bad originated from 
prinutive ancestors and that in the slow process of 
such changes had become adapted for living in partic¬ 
ular environments. The concept of such adaptation 
originated with Lamarck. He appreciated that in 
order to live, animals have to be efficiently ad,ipted to 
all the physical and biological parameters of the envi¬ 
ronments they inhabit. In a sense, of course, an ani¬ 
mal is ‘all adaptation’; it has to be anatomically, 
physiologically and troplvicaUy adapted to its environ¬ 
ment, and it is critical to evolution theory to undcr- 
st,uid how such adaptations came to be. 

While appreciating the importance of adaptation, 
however, Lamarck linked Ins insight with some 
concepts no longer believed to be tenable. He 
believed that adaptation had come about through 
some kind of' internal driving force, a ‘vital spark’ 
which made animals become more complex. He felt 
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that new organs must arise from new needs and that 
these 'acquired characters’ were inherited, as in his 
classic pustulate tliat the neck of the giraffe had 
become longer in response to a ‘need’ to reach 
leaves up on the tree. The theory of inheritance of 
acquired characters is nor highly regarded nowadays 
and is generally untestahle (altiiougli there is 
some evidence of a kind of genetic feedback from 
the environment operating to produce apparent 
‘Lamarckjan changes'). Darwin, on the other liand, 
provided a logical and testable theory for evolution¬ 
ary change: one that has stood the test of time and 
provided a starting point for later developments. 

The full title of Darwin’s major work of 1859 was 
(hi the nn'ijn/ of specks liy means of natural selection, or 
the prescn'Utiofi of f won red races in the strugf’le for life. 
The main points of the theory' arc straightforward. 

1. Animal species reproduce more rapidly than is 
needed to maintain their numbers. Animal popu¬ 
lations, however, though fiuctuating, tend to 
remain stable, (Here he was influenced by the 
Englishman Malthus, who had written on this 
subject some years earlier.) 

2. There must therefore be competition within and 
between species in the ‘struggle for existence’, for 
food, for living spate and (within members of the 
same species) for mates, if the characters that indi¬ 
viduals bear arc to be transmitted to the ne.xt gen¬ 
eration. 

3. Within species all animaLs var^', and this variation 
is inhented. 

4. In the struggle for life those individuals best fitted 
to survive in a particular environment are the 
ones to live and to reproduce. The others are 
weeded out in the intense competition. The 
favourable characteristics that make such survival 
possible are inherited by future generations, and 
the accumulation of difr'erent favourable charac¬ 
ters leads to the separation of species well adapted 
to particular environments. This is what Darw'in 
called ‘natural selection’. 

All this seems logical enough, though Darwin's early 
critics, Mivart for instance, argued that Darwin had 
not really shown how favourable characters were 
actually accumulated, only how those animals less 
fitted to their environment failed to survive. In this 
they were not unsound, for the most serious weak¬ 
ness of the theory, as presented by Darwin, was that 


the nature of variation and heredity was largelyB 
unknown, so that his views on this were speculativtf 
and insufficient for the theory to be seen to work. ■ 
The pioneering work of the Austrian tnonkff 
Gregor Mendel in 1865, and of the later school olt* 
T.H. Morgan which began in 1910, laid the foun»B 
dation for genetic e.xperiment and theory. It was thii 
that supplied the necessary understanding of hered-i 
ity essential to the amplification of Darwin’s theory. 


Inheritance and the source of variation 

In the cells of all eukaryotes (all organisms except for 
viruses, bacteria and cyanobacteria) there is j 
nucleus (Fig. 2,1) containing elongated thread-liks 
bodies, the chromosoines, which are made of pro¬ 
tein and deoxyribonucleic acid (DNA). 


smooth endoplasmic reticulum 



Figure 2.1 Eukaryote cell structure, with organelles. 
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The DNA molecule forms a long, twisted, spiral 
ladder of which the ‘uprights’ consist of alternate 
blocks of phosphoric acid and the pentose sugar 
ifcox>nhose, whereas the ‘mugs’ arc matching pairs 
of relatively small units, the nucleotide bases. These 
bases, in DNA, are adenine, guanine, thymine and 
cytosine, They are attached to the pentose sugar 
units and project inwards, linking up together in 
pairs. Ademne can only pair with thymine, and 
cytosine with guanine. 

In the chromosome the DNA strands arc 
arranged in discrete units, the genes, which are 
strung together along the length of the chromo¬ 
some, and of which there may be several hundred 
per chromosome. The genome is a tenn used to 
describe the whole genetic complex. These genes 
are the pnmary units of heredity, carrying the 
genetic code, which is involved in producing pro- 
tcim and m directing the development and func¬ 
tioning ot the whole organism. All the necessary 
infomiation for these ends is earned in the DNA, 
and what is important is the sequence of the four 
nucleotide bases along its length. Though these 
tbmi a kind of alphabet consisting only of four 
letters, the number of pos.siblc combinations in 
which they can exist, coding for specific proteins, is 
enormous. This sequence of nucleotide bases 
determines the sequence in which any of the 20 
amino acids found in living organisms are strung 
together to make proteins. It has been shown that 
combination.s of three bases acting together code for 
particular amino acids, and there arc more than 
enough possible combinations in this ‘base-tnplet’ 
system to make all the biogenic amino acids, and to 
link them up in the right order to make a specific 
pmteui. 

Proteins are synthesized, not in the nucleus, hut 
,it the ribosomes in the cellular cytoplasm, and this 
means that all the infoniiation has to be transferred 
out ot the nucleus to these sites of protein synthesis. 
Fin this to take place the nuclear DNA first pro¬ 
duces a single-stranded copiy of itself, nuclear KNA, 
but with uracil repl.icing thymine and ribose sugar 
Kplacing deoxyribosc. Following this process of 
'tnuMcription', a fiirther molecule (messenger 
RNA) is formed, which moves out of the nucleus, 
pasiimably through pores in the nuclear membrane, 
■fflii .maches itself to the ribosome. (This is not a 
simple process, however, for ar this stage the genes 
cbemsflvcs arc modified. It has been showm recently 


that genes themselves arc made of two kinds of 
components arranged in series. These arc exons, 
which code for proteins, and introns. which do 
not. When the nuclear DNA is transcribed to 
nuclear FkNA it retains the organization of die ong- 
inal DNA, but w'hen nuclear RNA is reprocessed to 
messenger RNA the introns are lost and the exons 
.arc spliced together. This does not always take place 
in the original order, however, and such exon shuf¬ 
fling may be the basis of rapid evolution of proteins 
themselves in new combinations. Provided that 
these arc functional, new gene systems may anse 
through comparatively few such shuffling events, 
and in short periods of time. This is a newly under¬ 
stood phenomenon, hut may have important conse¬ 
quences for evolution theory.) 

When messenger RNA arnves at the surface of a 
ribosome it does not fonn protein directly, but 
through yet another mteniiediate molecule, transfer 
RNA, and when this complex process is complete, 
the result is a protein sequence, coded for by die 
nuclear DNA, the transfer RJMA meanwliile return¬ 
ing to the cytoplasm. 

The understanding ot pirotein synthesis has been a 
major rriumph for molecular biology, but the mole¬ 
cular pathways that lead from genes to actual organs 
and characters are very complex, and at present 
largely uiiknowai. How the piroteins and other com¬ 
pounds which arc produced arc orgamzed and built 
up into frinctional organs and whole bodies remains 
one of the main tasks for molecular biology’ for the 
future. Some progress has already been made; u is 
now known that some genes are ‘structural’, and 
concerned only with the synthesis of materials, 
others are ‘regulator’ genes, which control and 
organize the compounds and direct their building. 
Such genes release chemical products which start a 
whole host of complex reactions. In some kinds 
of development the genes are switched on and of}' 
in particular sequence, releasing products wluch 
react together in synthesizing complex molecules. 
Structural genes can be activated and deactivated 
when needed; evidently the initial stimulus for the 
switching on of stmcmral genes is given when a 
sensor gene receives an appropnatc stimulus. 

Simple organisms such as bacteria and fungi have 
sets of adjacent genes known as operons, coding for 
a particular metabolic pathway. These can be 
switched off and on together. In liigher organisms, 
however, genes wliich control different parts of a 
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coordinated progrnniinc may be scattered around in 
small groups, but on different chromosomes. 

Genetically identical organisms reared in different 
environments will not develop to exactly the same 
tbnn, as ts witnessed by the different appearance of 
vegetables grown m rich and poor soils, respec¬ 
tively. Tbc inherited genetic material in any organ¬ 
ism, known as the genotype, is reacted upon by the 
environment (probably through sensor genes) to 
create a developed individual. This individual, the 
product {if both heredity and environment, is the 
phenotype. 

Sometimes single genes control single characters. 
More often characters are polygenic; that is, many 
genes, each of small effect, contribute to the bio¬ 
chemical pathways that result in the formation of a 
particular character. Again, some genes arc 
pleiotropic; that is, they affect several characters 
since the same gene products may be used in differ¬ 
ent biochemical pathways. A phenomenon which at 
first sight seems puzzling is that much of the 
genome consists of repeated DNA segments (multi- 
gene families) with anything from two to several 
thousand copies of the same gene. Though it may 
appear that much chromosomal material is redun¬ 
dant, there could well be important evolutionary 
implications here, as is discussed later. 


Where does variotion come from? 

Within the nucleus of any cell in the body of most 
living organfsiits there is a specific number of chromo¬ 
somes with their genes. The chromosome number is 
always constant for the species. In humans there are 
23 pairs of chrtmiosomes, while in the fruit fly 
Drosophila there are four pairs. The members of each 
pair are all homologous, i.e. similar in appearance 
and length, except for one pair, the sex cliromosomes, 
upon which the genes regulating se.xual characters 
are located. [The sex of an individual depends upon 
this pair of sex chrennosomes. In one sex the chro¬ 
mosomes are identical (XX) in the other sex they arc 
dissimilar (XY). The sex chromosomes carry other 
genes than those specifically responsible for sexual 
characters and thus certain physical characters arc 
sex-linked. In mammals the female is XX and the 
male XY. hut in birds it is the other way round). 

When chromosomes arc paired like this the orga¬ 
nization is said to be diploid, the chromosome 




number being conventionally defined as 2n. 

When the body (somatic) cells of an anin^/ 
divide as the organism grows, the chromoson- 
divide by longitudinal fission, and each 'daiightr 
cell inherits an exact copy of the chromo.somes at^vi' \ \. 
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genes in the parent cell. This process, known •' (''jl 
mitosis (Fig. 2.2), is effectively the same for all t y *pi 
somatic cells in any one body. . 

When a cell is not dividing, the chromosomes a.. 
largely invisible; this is known as intcrphasc. As 
division begins, biological staining reveals the chr 
mosomes, each already divided into two chromati 
held together by a small sphencal centromere, whii 
does not stain. The first stage of cell division 
prophase, where two centrioles move to opposi 
pole's and a ‘spindle’ of protein threads appei 
between them. At metaphase the nuclear inenibr.ii 
vanishes and the chromosomes line up along tl' 
median plane, each splitting in two so that cai 
chromatid becomes a daughter chromosome with 
owm centromere. Then, dunng anaphase they pi 
apart so that each bundle of daughter chromosoni 
moves to the opposite pole. Finally, at telophase, 
new' nuclear membrane appears round each set 
chromosomes, the spindle vanishes and the ci 
divides into two identical daughter cells. 

On the other hand, the fonnation of eggs ■ 
sperm (gametes) in the testes and ovaries respe 
tively involves a very different process: meioS 
(Fig. 2.3), 

There arc tsvo cell diwsions. riic first of these ii 
reduction division in which each daughter c( 
inherits only one chromosome from an homologoi,^ ' 
pair. Here again there are four phases but some ■ 
these are significantly different from their mitot 
counterparts. During prophase of the first meiot 
division, when the chromosomes pair up, tht 
dishde longitudinally, fomiing grciups of four chn 
matids (tetrads) but with only one centromere fi 
each pair of chromatids. These four chromatids a 
often tangled at certain points known as chiasmat 
and as they piiU apart they break and re-fonn, cai 
exchanging parts of the same length with its homo 
ogous chromosome. The result of such ‘crossin 
over’ is that the unpaired chromosomes pass^-^ stages of mil 
down to the daughter cell are not identical wii 
those of the parent ccU, as they arc composed ofbF gametes from 
of each of the homologous paired chromosonif 
The second meiotic division is like a somatic rfoniosomes are uii 
mitosis, so that the end product of the two divisio^^’Y parent 
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Fgun2.2 The stages of mitotic cell division in □ ewkoryotic cel). For explanation see text. (Modified fronn Kershaw, 1983.) 

fc fijur gametes from a single parent cell. Each material was exchanged dunng crossing over, 
pmcie has half the number ot parent chromosomes; These gametes containing unpaired chromo- 
dicdiromosonies arc unpaired, and none are identi- .somes are said to be haploid, and the chromosome 
ol to any of the parent chromosomes since genetic nuntber is n. 
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Uml: RR or rr. In the heterozygous toiidirion 
they arc of different kinds: Hr and rR. An individual 
possessing RR will have brown eyes, whereas the 
possessor of rr will be blue eyed. But the cotnbina- 
iions of Rr or rR will also lead to brown eyes, for the 
allele R is dominant over r and masks its effect. In 
this case r is said to be the recessive gene. 

Sometiines alleles are multiple; some genes arc 
known to exist in up to 11 alleles. Human blood 
types, for example, arc controlled by only a single 
gene whicii occurs as three alleles designated p, q 
and f. Alleles p and q have cejual dominance whereas 
ris recessive. Of the four human blood groups O 
has the recessive homozygote rr, group A may carry 
pfi or fJi and group B qq or qr, while the greaup AB 
has the dominant heterozygote pq. 

The above examples deal with genes affecting 
single characters, but there are more complex pat¬ 
terns of variation when two or more genes control 
single characters. Thus plmnage colours in parakeets 
arc under the control of two genes which in differ¬ 
ent comhinations may produce blue, green, yellow 
or white feathers — a wider combination of colours 
than would be possible with only a single pair of 
illelcs. 

These sources of variation - crossing over, re- 
wmbiiiaucin, homo- imd heterozygosity, multipile 
alleles, etc. - are all consequences of diplciidy. In 
iddiaon. many plants increase their potential vari¬ 
ability by polyploidy, i.e. dupheation of cliromo- 
somes, allowing a greater number of loci for alleles. 
Polyploidy, however, is rarely found in animals. 

Recessive genes might be expected to get lost 
dunng evolution, but in fact the proportions of alle¬ 
le? within populations do not normally change, 
< uiile\s there is a spcci.tl survival advantage in possess- 
y mg one particular type of aUele. If tlicrc is no such 
i, advantage a genetic equilibrium is maintained in 
j terms of the Hardy-Weinberg equation: 
e 

e p"' + 2pq + q- = equihbrium 

1 where f and represent the relative proportions of 

- y (lDinin.uit homozygotes (RR) and recessive hetero- 
I lygotes (tr), respectively. The equilibrium so defined 

: [ will only be shifted when there is a decided sclccrive 

- ' I advantage in possessing a particular allele. Thus if a 

; I ' particular phenotype is preserved by natural selec- 
1 txvn, the balance will alter and the proportion of the 
: [ jllcle within the population will increase. 


Evolution can thus be considered as based upon 
cliangcs in gene frequencies tlrrough natural 
selection. 


Mutation 

Natural selection operates upon the great stock of 
variation inherent in the gene pool of a population. 
The genes are continually reshulHed by the mecha¬ 
nism discussed above in new comhinations or geno¬ 
types. But if evolving organisms arc ever to give rise 
to anything radically new there must be a source of 
new variation. Where docs this variation come 
from? 

It sometimes happens that a gene will suddenly 
and spontaneously change to a new allele, Tliis kind 
of random change is known as a gene mutation. It 
is the result of a chemical change in the DNA helix: 
a substitution or rearrangement of nucleotide bases, 
or a duplication or loss of a small part of the 
sequence. The simplest kinds of mutation arise by 
one nucleotide ba.se, or a pair of ba.ses, being 
replaced by another base or base pair. This is substi¬ 
tution, but mutations can also arise by addition or 
deletion of base pairs and this may disrupt the func¬ 
tion of the gene. Mutations on a larger scale can 
affect from tens to thousands of base pairs, and 
chromosomal mutations, which arc the most 
extreme kind, may involve inversion, rearrange¬ 
ment, addition or deletion of long sequences of 
DNA. These tend to have larger-scale phenotype 
effects and arc more often disadvantageous. 
Although it was formerly held that mutations are 
comparatively rare events, it is now' apparent (Drake 
ct ai, 1983) that spontaneous ‘lesions’ are continu¬ 
ally occurring in chromosomes during replication; 
there may be many per cell each day. But such mis- 
pairmgs arc continually being repaired by a complex 
enzyme system (DNA polymerase acting in con¬ 
junction with other enzymes). This acts as a ‘proof¬ 
reader’ which picks up wrongly paired bases and 
puts them back in the right order. Even this proof¬ 
reading system sometimes slips up, and mutations 
then arc fixed in the chromosome, to have their 
effects upon the descendant. 

While mutations have been traditionally under¬ 
stood as being due to DNA damage or misprocess- 
ing. It has recently been shown that many 
spontaneous mutations, especially those on a larger 
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scale, may be due to mobile genetic elements (vari¬ 
ously named ‘jumping genes’, ‘transposons’, or 
even ‘molecular parasites*), which are DNA 
seejuences able to move along chromosomes or from 
one chroniosntne to another. They can alter the 
whole genetic structure of an orgamsin through 
rearrangement or expansion of Its genetic iiiateri.il. 
Some tend to attach themselves to panicular sites; 
others seem able to fit in almost anywhere. I’hc 
capacity for iiiovcniciit of these mobile or qua.si- 
stable genetic elements allows a radical and rapid 
alteration of the pattern of gene expression by a 
single genetic event — a plicnoinenon which has 
clear implications for rapid evolution and for the 
origin of new types of organization. 

A new .illele, formed by mutation, is heritable 
and will jirodiice changes in one or more characters 
in the organism. These changes arc usually of sm.ill 
scale and of limited effect; if they are larger they are 
very often lethal. Must imitations are neutral, some 
arc disadvantageous, but others may le'ad to new or 
somewhat different characters which may carry 
some selective advantage. An advantageous muta¬ 
tion, which may only have a m.irgnially beneficial 
effect, will only be able to .spread if (1) it is recurrent 
within the population so that new recruits are 
continually added to the mutant stock, (2) it 
carries some selective advantage so that the 
Hardy—Weinberg eL]iulihrium is shifted in its favour 
and (3) the population is small enough for it to be 
earned and spread relatively quickly. 

All alleles have resulted from mutation; multiple 
alleles have ansen at different rimes. Some mutant 
alleles may spontaneously mutate back again to the 
original gene expression from which they arose. 
The rates of iiiutation vary' with the gene. Some are 
much higher than atlicrs, but they are generally 
low. one mutation m lOOril) tor a particular gene 
being considered as high. The rate of mutation can 
be increased by nidiatioii, including c.xposure to 
ultraviolet light, or by cliemical means. 

Spread of mutations through 

populations 

Mutation is the primary source of variation, but it is 
only through the eflects of diploidy in higher organ¬ 
isms that the mutations can spread. As mentioned, it 


is not likely that mutations will spread very fast in a 
large population, even if they arc dominant .uid 
mutation rates are high. But most natural popula¬ 
tions are not evenly distributed throughout their 
species range. They tend to he subdivided into 
relatively small units of popidation, known as 
gamodemes. Examples of such natural population 
gruiipings are rabbit warrens, schools of fishes, pond 
communities, the faunas of enclosed lagoons and, in 
the human sphere, the inhabitants of towns and vil¬ 
lages. They tend to be partially isolated from other 
such gamodemes, but not completely so, for though 
each gamodeme carries its own gene pool there is i 
some possibility of exchange and hence gene flow | 
betw'cen tlic pools. j 

It is within such small natural populations that! 
favourable mutations, especially those allowing bet- ' 
ter adaptations, are able to spread. A mutant condi-'j 
tion established even m one family may, if it^ 
possesses selective advantage, soon spread through A 
the population in the gamodeme within relatively! 
few generations. It may then spread to other 
gamodemes in the vicinity, increasing the effective I 
range of the useful mutant condition. Such a mutant 
condition, especially if occurring in a peripheral 
isolate (i.c. a single gamodeme, or small cluster of 
gamodemes on the fringes of a larger widespread 
populatioii), will be the first step towards the fonna- 
tion of a new and distinct species. The .accumulation 
of a few more mutations may then isolate it com¬ 
pletely, as in the classic ITirwinian mode. The origin 
of species from such penphcral isolates is known ai 
allopatric speciatioii (section 2.3). When the new 
type is stenle with the parent stock, having diverged 
enough genetically, the ‘parent’ and ‘daughtef 
spiecics are then entirely distinct. 

Reccs,sive inutanons spread comparatively slowly.^ 
and only in small populations with close iiibreedmy 
is dicrc any likelihood of more rapid spreading. 
However, recessive mutations can become donii-f 
ivant Linder certain circumstances. Experiments I 
have shown that changes in temperature alone J 
may be enough to modify the doniitiatice of 
gene. In natural populations there are some genaj 
which exist only as modifiers, changes in wliich may J 
alter dominance to rcccssiveness in a gene. If 
recessive allele is favourable it will he selected forj 
dominance. I 
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Isolation and species formation 

ll should now be clear that some kind of isolation is 
BOmally essential for species fonnation. It may be a 
fcographical isolation, i.e. some part of a population 
being cut oft from the rest by a barrier, as noted 
ibovc. But there are other kinds of isolation which 
liny be equally eflcctive in certain cases. There is 
'Kobgical isolation, in whicli species become adapted 
forimerohabitats in the same general area. Physio¬ 
logical or biological factois may also isolate popula¬ 
tions so that they speciate, e.g. changes in the timing 
ol the breeding cycle or merely size differences pre- 
dtding copulation. Again, there may he a simple 
jpietic incompatibility; fertilization may take place 
but, because of different chromosome lengths or 
bcatioiis of alleles, recombination is impossible and 
thchybnds abort in embry'o or are sterile. 

There are other ways in which isolation might be 
ichicvcd. A population ‘explosion’ or flush, derived 
I fora a founder population, may initially expand 
mw many new areas in which competition or pre- 
Atum IS minimal. After the ftrst flush, how'cvcr, 
raiy come an equally sudden crash, which leaves 
mlv a few small isolated populations, widely scat- 
teied and each with its own sample of the total gene 
pool. These in turn may act as founders of new 
•penes, at least some of which may survive. Where 
an nituUy large population has been all but wiped 
. «it by some catastrophe, the spsecies may recover 
■mJ expand again. However, it has passed through a 
. piwtic bottleneck’ in which much of the potential 
vimtioii has been lost. The loss of these alleles leads 
I W^iomozygnsity, and such lack of variation may 
; oltiniatelv prove detrimental. 


Genetic drift: gene pools 

I! ,1 population is very small it will contain only a 
litmied and random sample of the total genetic van- 
folity within the whole species, i.e. only a fraction 
d tlic overall ‘gene poof of that species. The 
mullet the population, the fewer will be the alleles 
bided down to future generations. 

Ai cjdi ineiosis only one chromosome of a pair, 
mill Its taiidom sample of alleles, is passed down to 
tbc gametes; any alleles in a tiny population that 
irt not recombined in fertilization are therefore 
loll and a special evolutionary process, known as 


generic drift, becomes important in these small 
populations. This is simply an evolutionary change 
in gene frequencies through random chance assort¬ 
ment, without selecaon being involved. Hence cer¬ 
tain localized populations descended from an initial 
pair or few pairs may become quite distinctive or 
m.iy even differentiate as new species merely 
because the founders of the population happened to 
carry a particular set of alleles. 

In any gene pool the effects of all the factors con¬ 
sidered so far are continually interacting, though 
many biologists believe that most mutations arc 
neutral and occur at a more or less constant rate. 
Gene frequencies wathm the gene pool arc related at 
the chromosome level to mutation, crossing over 
and recombination. They may be ‘stabilized’ in a 
particular kind of selection that actually prevents 
evolution in a large population, for if the species is 
successful, widespread and well adapted to its envi¬ 
ronment, the undc.simbles are weeded out and the 
only operational selection is stabilizing selection. 
This is analogous to what Mivart proposed in his 
critique of Darwin. On the other hand, gene fre¬ 
quencies begin to alter when the environment 
changes to become easier or harsher or when a pop¬ 
ulation migrates into a new area and, finding bttle 
competition, begins to differentiate ecologically. 
The intensity of selection under these latter circum¬ 
stances is much greater. At such times there may 
occur directional selection towards one extreme in 
response to a long-continued selection pressure, and 
this is seen in the fossil record as an evolutionary 
trend (though often it is hard to see tlic reason for 
the trend). Alternatively, disruptive selection may 
occur; the coiiunoncst phenotype in a population 
can be selected against, and the two extremes are 
positively selected, foniiiiig two different species 
from ail original nonnally distributed popuilation. 
One would therefore expect to find in the fossil 
record relics of long periods of species subility, sep¬ 
arated by breaks representing times when speciation 
was very rapid, and tlien again stable periods. This is 
very often what is found, a.s will be explained at 
some length in the next section. 

In any evolving system the more microenviron¬ 
ments there are, the greater will be the possibility of 
differentiation. Species thus can be said to arise in 
response to the ciiviromiicnts actually available. 

It is well known that natural selection is operating 
at the present time (Eiidlcr, 198f>). Evidence for this 
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comes from various sources. Topical examples could 
include the rise of myxomatosis-resistant strains of 
rahbits or antibiotic-resistant bacteria. The case of 
‘industrial melanism’ in moths has been extensively 
studied and quoted, before the Industrial 
Revolution in the north of England, the moths 
inhabiting the lichen-covered tnmks of trees had a 
pale speckled colour hannonizing with the environ¬ 
ment and rendering them inconspicuous. When 
records were first kept in the early IbSOs these 
moths made up 99% of the population: the other 1% 
were dark-coloured types which were more easily 
picked out by predators, but by the end ot the cen¬ 
tury the woodlands near the cities had become pol¬ 
luted and the lichens, which arc very sensitive to 
unclean air. had been killed, exposing the blackened 
tree trunks below. The vast majonty of the moths in 
these areas were then the dark-coloured fonns, the 
pale varieties accounting for no more than 1%. 
Since it had become advantageous to be dark- 
coloured so that predators would less easily' see the 
moths on the dark trunks, natural selection had been 
intense m the changing environment. Some 7(1 
species of moth arc known to have been aftccted by 
such industnaJ melanism within the very short 
timespan of 50 years, but only a few genes are 
affected here; it requires more changes to initiate 
speciation, involving a greater variety of genes con¬ 
trolling different characters. 

A more recent example concerns the same 
Galapagos finches (Gtvspizii) studied by Darwin. 
One species is a specialist feeder on small seeds. 
Following a severe drought in 1977, the avaUability 
of small seeds became much reduced. Bigger seeds 
however, were more abundant, and those larger 
birds with stronger beaks that could cope with these 
were able to surv'ive. It follows that the pressures ot 
natural selection vary trom place to place and from 
year to year and that there is no reason why small- 
scale evolution should not be reversible. 

In the example quoted above the selective advan- 
t.ige of the gene is clear, but in many cases it is less 
easy to understand the selective advantages of partic¬ 
ular characters. 

Selection, then, is seen as a primary agent in evo¬ 
lution. It does not, however, produce ideal geno¬ 
types, but only the best available given the 
numerous constraints which operate at any tune. 
Thus, as Jacob (1977) has well said. ‘Natural selec¬ 
tion does not work like an engineer. It works like a 


tinkerer'. The whole organism is a single system,i 
and die morphology and function of its compoiicn!^ 
parts have to be compromises amongst competit^i 
demands and based upon genetic and physical ni.i-r 
terial which may itself be limiting. j; 

For example, the lenses of a trilobite's eye aitj ■ 
made of calcite (Chapter 1 1). as is the rest of the .iiii*v 
mal's cuticle. Presum.ibly trilobitcs were unable ter* 
secrete material other than calcite for any part of tliA 
exoskeleton due to inherent genetic limitations, ami- 
although calcite has the virtue of transparency, iii> 
disadvantage for an optical system is that is a higlilyt, 
birefringent mineral, producing double images iiT 
different depths, for light travelling through it in aim. 
other directions than the mineralogical c-axiv?' 
Trilobitcs have overcome this disadvantage first bjJ' 
orientating the c-axis nonnal to the visual surface! 
and second by many ingenious modifications of tlni* 
crystal lattice; they have also evolved lens doublcaj 
which bring light to a sharp focus. In spite, thens 
fore, of an intrinsic limitation, selection pressun^ 
has ‘forced’ the best functional system that wit' 
possible. j, 

Such anatomical and physiological adaptations arri 
one result of natural selection, but animal popuh-ll 
tions are also adapted to their environment repro-i 
ductively and trophically. In this respect, and ui 
broad and general terms, two kinds of adaptivfi 
strategies have been distmguished. They are differ^,, 
ent ways of surviving and reproducing on a limiteA 
energy budget. What are known as ‘r-stratcgistil. 
have very high fecundity so that great numbers o* 
oflspring arc produced rapidly. Individuals may 
short-lived, relying upon their superior reprodueJ 
tive abilities for species survival. ‘K-strategists’, onj 
the other hand, produce fewer offspring, but ait 
usually slow growing and live a much longer timeV 
they arc better at competing for food and lisnnjf 
space. Tlris is an attractive concept and in sonu| 
respects still useful. It has, however, been heavilv^ 
criticized, since some species have both high fccuii*j 
dity and superior competitiveness, and all possibl([ 
combinations of these end-pomts may occur'* 
(Steams, 1977). Furthermore, the concept of tk* 
‘limited energy budget' is not invariably valid. It itJ] 
therefore not very easy to categorize adaptive strate-? 
gies very simply, and it seems rather that populationi^ 
will tend to maximize whatever reproductive anjL 
survival potential they h.avc, in the circumst.mccs ip 
which they find themselves. ^ 
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I Molecular genetics and evolution 

I Qaisical genetics makes use of breeding expen- 
nicnts so that the genes are understood, as far as pos- 
(lilc, through their etFects. Molecular genetics, on 
,, dll'other hand, concentrates upon the nature of the 
j fcne, ami upon how genetic material is structured 
organized. Now that we have covered the basics 
I otclittical evolution thcor)', it would seem appro- 
j[ priitc to consider the impact of new discoveries m 
molecular genetics. Whereas these are revolution- 
Jtt', the chemical pathways that lead tfom genes to 
iiillv Jevelopcd organisms are still largely unknown, 
and until we have a clearer picture of the rclation- 
iiip ot genes to development we shall still be far 
bni understanding bow evolution works at the 
molecular (and hence the most basic) level. 

Even so, wliat has already been established is 
irapottaiii tor understandmg hitherto clnsiv'e a.spects 
lit evolution theory', for it shows that the genome 
(llic genetic apparatus) is a much more Huid and 
itynamic system than fonncrly supposed, with dif- 
Wciit levels ot hierarchial complexity (e.g. 
Hiinhpilleret a/., 1982). 

Perbps the most important of these observations 
IS that aiauy eukaryotes carry much more DNA 
than they need for coding proteins. This exists as 
thousands of copies oi tlic same gene or sets of 
Itlaicd genes. Such multiple repetitions seem to be 
,1 ateaningless. especially since there seems to be no 
clear relationship between tlic amount of excess 
PN.^and the size or complexity of the animal; sala- 
' mjiidcrs and primitive fishes carry' much more 
DNA than most manuiuds. Such unessential genetic 
, itiaienal has been called ’redundant’ or ‘junk’ DNA. 

^ home of it consists of many repetitions of the same 
gene, but most ot the excess DNA exists as multi- 
I pc families, i.e. groups of repeated scejuences or 
f multiple copies of the same gene. Such multiple 
J copies ot non-coding sequences e.xist too, and mul- 
f tiplc copies of all types of gene sequences can be 
ideimcal or quite widely variable. What does this 
I aress DNA, which at first sight appears to be 
i Kdund.im, actually do? Some functions are reason- 
iibly deal. A multigenc lainily, for example, can 
encode many closely related proteins at one and the 
sime time, rather than just one. Moreover, the 
■ cffivo of n mutant gene, ss'hich otherwise might be 
drktcrioiis, will be bufi'ered by the other gene 
topics; It does no harm but stays in the system as a 


‘shielded’ component. It may even, after much evo¬ 
lutionary divergence, turn our to be useful in some 
category, to an eventual descendant organism. 

The ‘amplified’ amount of information carried in 
multigeiie families may. in w.ays not as yet hilly 
understood, be necessary for the maintenance of the 
complex functions and interactions of the cells of 
metazoans. It had indeed been suggested that the 
Cambrian ‘explosion’ of metazoan life may be 
related to the initial emergence of such multigenc 
families. When more is known of their functions, it 
may perhaps allow a further development of tins 
concept. For the moment, miiltigene families seem 
to be primary organizational units within the 
genome, and an intrinsic part of a dynamic and 
interactive system of genetic control and regulation. 

These new concepts have led to two possible 
challenges to nco-l.^arw'inism. The first is Kimura’s 
(1979) ‘neutral theory of evolution’. This proposed 
that populations arc much more diveixc than would 
be expected from natural selection. The level of 
variation should be much lower because ‘useful’ dif- 
tcrcnces should spread through die population, and 
‘liannfur variants should be eliminated. Since there 
is actually a high degree of evident variability', most 
ot it is nothing to do with natural selection. It arises 
from chance differences at the molecular level, and 
most of the variation neither advances nor retards an 
individual’s surv'ival. It is purely neutral, and 
whether genes for particular characters persist or dis¬ 
appear is by chance alone. This is a debatable point, 
but conversely it could be argued that even if very 
many tlifferences are neutral, those few that do con¬ 
fer a selective advantage are available to be inoiildcd 
by the redoubtable power of natural selection. 

Another challenge, deriving from the concept of 
multigene families is Dover’s (1983) theory of mole¬ 
cular drive. It is b.ised on the understanding that 
individual members of a multigenc family show great 
similarity within a species. The individual members 
of a species do not evolve independendy but are 
lai^ely liomogcnizcd in a phenomenon known as 
‘concerted evolution’. According to Dover this is 
due to fixation of mutations within a population 
because of molecular mechanisms within the 
genome. This he calls molecular drive. A nutiibcr 
of such molecular mechanisms (e.g. gam or loss of 
.sections of genome by transposition) can opierate to 
allow genes to multiply out of phase with the organ¬ 
ism that bears them. The genes controlling different 
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characters can thus increase in frequency due to just 
such horizontal multiplication, and not to any efiects 
ot natural selection. Moleailar drive can thus frx a 
variant in a rnnltigene family, and such fixed variauts, 
constantly turned over in a breeding population, give 
such homogeneity. Such a concerted pattern of fcxa- 
tion defines biological discontinuities from one 
species to the next and may indeed be one means of 
origin of biological novelty. Molecular drive in con- 
.scquence may be .uiotlier way in which species can 
arise, accidentally, and by non-Mendelian causes. 
Thus while natural selection is traditionally under¬ 
stood as operating at the level of the organism and is 
fundamentally adaptive, molecular drive is iioii- 
adaptivc and operates at the level of the genome. It 
may also be contrasted with genetic drift, winch 
operates at the level of the organism hut is non-adap- 
tive. Molecular drive m.iy well prove to be the third 
cause of speciation; but it is hard to see how signifi¬ 
cant adaptation might arise therefrom. 

Neither of the ‘neutral’ or the ‘molecular drive’ 
theories seriously undermines neo-Darwinism. 
They do, however, raise the question of how much 
of the variation we see is there because of chance 
alone and how much has accumulated because it 
actually confers a selective advantage. 

Further discoveries at the molecular level include 
transposom, and collectively this new information 
must have a bearing upon rapid but coordinated 
evolutionary change, and the ongm of new organi- 
zation.al patterns. 


Gene regulation during development 

When an adult orgniism develops from a fertilized 
egg, it docs so according to a predetenmned path¬ 
way, controlled liy specific genes. These genes arc 
switched on and off in regular sequence, and any 
error in this process could be lethal. The product of 
one gene is likely to have a sequential ctfcct on 
other genes, and in long-term development wc can 
envisage a 'cascade' of genetic controls. Thus a gene 
switched on, or tunied off, at any one developmen¬ 
tal stage controls the expression of other genes at a 
subsequent stage. The end result is a frilly developed 
organism in which “there is a place for ever^'thing, 
and every tiling in its place’ (Gee, 1996). 

There arc three groups of regulatory genes that 
have dillcrciit functions during embryogcncsis and 


operate in sequence. First, maternal genes estab¬ 
lish the antero-postenor and dorso-ventral axes of 
the egg, before fertilization. Second, segmentation 
genes come into operation after tlic egg is fertilized, 
and they define the number and position of seg¬ 
ments in tlie body. The third group consists of 
homeotic genes; these control the unique identit}’ 
of a segment, i.c. how it is constructed and what it 
looks like. These seem to work on and integrate the 
signals produced by the segmentation genes. A 
mutation in a homeotic gene complex may product 
a duplicate segment, resulting, for example, in a fly 
with four perfectly fonned wings instead of two. 

These three groups of genes act on each other in 
seciuencc and presumably code for proteins that ui 
turn have their effect on other genes, including 
those controlling stnicmrc. Some genes (maternal, 
segmental and cspeci.ally homeotic) contain a short, 
highly con.scrsfative DNA sequence (or motif) 
knovvm as the homeobox. It is Idtl base pairs long, 
and constant in size and shape. The homeobox was 
first discovered in homeotic genes in Draso/i/idii in 
1984, hut has now been shown to be homologott' 
in various invertebrate groups, including primitive 
metazoans, hut also in vertebrates, including 
hmnans. Homeohox-containing genes must he veiy 
ancient, at least 500 Ma old, since they are found so 
diversely, and they always frmetion in segmented 
animals in controlling the spatial expression of the 
body a.xis. They are, however, present in non-seg- 
mented phyla and evidently they do not alway 
operate in the same way. It seems that these highly 
conservative homeobo.x genes can coopt other 
functions, and so, in the evolution of developmental 
processes ‘the same regulatory elements are recom¬ 
bined into new developmental machines' (R-aff, 
1996). Clearly the homeobox concept h.as an evi¬ 
dent bearing on one of the major areas of evolution¬ 
ary palaeontology; how new body plans originate 
and how they can be modified. In tins conte.xi 
palaeontology supplies the time dimension, whicli 
can be integrated with genetic and molecular dat.i. 


2.3 Fossil re<ord and modes of 
evolution 


We have already seen that palaeontology, with iB 
unique perspective of geological time, can givt 
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ipcciil insights into tlic nature of evolnrionarv 
pcevscs. [n particular, descent of evolving lineages 
an be established and the history of lite through time 
understood. This is an important task for paJaeontol- 
0 ^, and at present botli phylctic evolution and com- 
Humiw evolution are receiving much attention. 

Of equal importance is the perception, gleaned 
bm the fossil record rJorie, that rates of evolution 
bive varied through tunc. In some instances change 
b been very rapid, but in other cases there has 
leeii very little evolutionary' modification at all. 
cren over long periods or'time. It seems to be the 
ase tiiat evolutionary change in many instances 
io« not proceed at a regular pace but in fits and 
itjits, Sometimes we can discem rapid bursts of evo¬ 
lution in the fossil record, a single stock may sud¬ 
denly diversify' and its descendants quickly become 
fiapted for life in various habitats. Sucli adaptive 
ndiations are one of the most ev'ident patterns of 
ffolutiori revealed by palaeontology. Although the 
anngraphic sequence is incomplete it still gives a 
'Vitind, though in some instances tfagmentary, guide 
»the course of evolutionary' change. Although the 
lanirc of the patterns seen might have been pre- 
laed, they would be unlikely to be confimied 
' Mm observations on modern animals alone. 

[ These various issues will be explored in greater 
Ifnil in the following text. It is important to note at 
il)i outset, however, that palaeontologists and 
ifneticists are working at quite dift'erent timescales. 
Tit changes tliat a geneticist can produce through 
.ticctive breeding over 20(1-300 generations may 
pic many years. Yet this same timespan may be 

I ited geologically by no more than a single 
’ plane! Bearing this in mind, we can pro- 
examinc the two main grades or modes of 
an: microcvoludon and macroevoliition. 
oevolution refers to small-scale changes 
species, and especially the transfomiation 
le species to a new one. MacroevoKition, on 
acr hand, concenis evolution above tlie 
level, with the origins of major groups and 
djptive radiations, 'fhesc two evolutionary 
will be eonsidered m turn. 


I AlkroevoluHon 

■lit origins of new species trom existing ones, 
through changing interactions between the 


animal and its environment, are generally attributed 
to microcvolution. Althougli the genetic and isolat¬ 
ing processes by which species differentiate are well 
understood, it is only comparatively recently that 
fiill confirmation of how' they have actually oper¬ 
ated through time has been clearly seen. Simpson 
(1444, 195,3), working mainly with vertebrates, 
linked generic theory and palaeontological data in a 
timely manner, as did Carter (1954), It came to be 
understood at this time that species could arise 
either by lineage splitting (spcciation) or by transfor¬ 
mation of the whole population (anagenesis). 
Unfortunately, however, there were very few 
instances where fossil populations w'ere actually seen 
to show a gradual modification througli time. 
Indeed, many of the classic cases w'hich were sup¬ 
posed to exhibit such unbroken senes have not 
stood up well to modeni analysis. Simpson and 
others argued, as had Darwin, that the rarity of fossil 
.specimens intermediate in morphology between 
successive forms w.ts due to the incompleteness of 
the rock record. There is, however, an alternative 
view, enunciated by Eldrcdge and Gould in 1972, 
that the record can be taken at face value, and the 
vcr\' tact that there arc so few transiritmal series 
known has something fundamental to tell us about 
the nature of niicroevolutionary processes. 

According to Eldredgc and Gould, most palaeon¬ 
tological tliinking had been dominated by the idea 
that evolutionary change must inevitably have been 
slow and steady. This model of gradu.il descent 
w'ith modification seemed to be in tune with the 
majestically unfolding, long-term operation of the 
processes of natural selection as originally envisaged 
by Darwin. Was it not, after all, classic Darwinism? 
The idea of phyletic gradualism implies an even, 
slow, methodical change of the whole gene pool 
and hence of die characters of the entire population. 
This transformation w'ould involve large numbers, 
usually the entire ancestral population, and would 
occur overall as a large part of the ancestral species 
geographical range. It seems a reasonable concept, 
and certainly some populations may have changed 
in just this way. Yet, .as previously noted, continu¬ 
ous series ol graded intennediate forms arc seldom 
seen in stratigraphical sequence — what we normally 
see is a sequence of stable fossil populations septa- 
rated by abrupt morphological breaks. To some 
degree this may indeed be due to incompleteness 
and bias in the fossil record, but to Eldrcdge and 
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Gould It suggested that evolutionary change occurs 
only in short-lived bursts (punctuations) in which a 
new species arises abruptly from a parent species, 
often with relatively large morphological changes, 
and thereafter remains more or less stable until its 
extinction. These authors had independently docu¬ 
mented precise patterns of microevolutionary 
change in Devonian tnlobites trom eastern North 
America (section 11.3) and in Pleistocene land snails 
from Bermuda (section 8.4). All their evidence indi¬ 
cated the abrupt origins of new species, followed by 
stasis, and to tliis model of evolutionary change they 
gave the name ‘punctuated equilibria'. 

They felt that this model seemed to accord with 
what is seen in the fossil record, and in adilition 
would predict that inteniiediates would not be 
found. It was, moreover, not out of keeping with 
Darwinian thought, for Darwin himsell had envis¬ 
aged that not all evolutionary change need be grad¬ 
ual. Indeed in the fourth edition of the (Jrii’in of 
Species there is the following comment: ‘Many 
species when once toniied never undergo further 
change but become extinct without leaving modi¬ 
fied descendants, and the periods during wluch the 
species have undergone modification, though long 
as measured in years, have probably been short m 
comparison with the peritids during which they 
retain the same form’. 

If the puncmated equilibrium model is a reason¬ 
ably faithful reflection of what actually happened, 
we too have to consider explanations of how rapid 
changes occurred. Two of these will be pursued 
here. 

Allopatric speciation 

Mayr (1963) and others proposed that new species 
are only likely to arise by some kind of reproductive 
isolating mechanisms, for the process of speciation 
must create some kind of barrier to gene flow. One 
such kind of isolating mechanism involves 
allopatric, or geographic speciation. Let us suppose 
that a relatively homogeneous population exists 
within a particular area. Gene flow throughout the 
population is achieved by frequent interbreeding 
and stability is thus maintained. At some point a 
small part of this population migr.atcs away trom the 
parent population and becomes geographically iso¬ 
lated. Such a population carries its own gene pool 
and, if the population is very sm.ill, natural selection 
or genetic drift will modify it quite rapidly, espe¬ 


cially if the population is adapting to a new Uxill 
enviroimient. To begin with, an isolated populanoiij| 
such as tliis may develop as a ‘race’ svith diftercraj 
ecological requirements, but (if put to the test) stilB 
capable of interbreeding with the original popula¬ 
tion. Within a relatively few generations, however, 
and with continued isolation, this population may 
become reproductively as well as gcographic.illy iso¬ 
lated from the parent population. The initial mem¬ 
bers of the peripheral isolate may well be few io 
numbers and are statistically likely to carr^' a set ci( 
genes somewhat difterent to the parent population. 

In these small populations evolutionary change it 
fast. These may be the founders of a new and flour¬ 
ishing species, which after the operation of further 
selection pressure will be sufticiently modified to bs 
reproductively distinct from the onginal species. 

The stepwise pattern of species change nomiallj 
seen in the fossil record may now readily be inter¬ 
preted. The sharp mon^ihological discontiiuiitia 
actually seen in so many sequences indicate that lh< 
descendant species, which originated as a periphcrjl 
isolate, has enormously expanded and has moved 
back into the area formerly occupied by the parem 
species. By this time the parent species may liavf 
become extinct, or may have broken down inW 
smaller populations (and perhaps eventually to sepa¬ 
rate species), or may have moved away following! 
shifting habitat, or (though this is less likely) tlic nc« 
species may have competitively displaced it. 

From the biological point of view, howevra 
allopatric speciation is only one way m whicli 
reproductive isolation can occur, and in recent you 
there has perhaps been less emphasis on tht 
allopatric model. Geographic isolation is not Jtf 
essential factor for all modes of speciation thoiiiskL 
clearly it is an important factor. I 

The origin of species may be seen as a case oft 
quantum evolution at the species level. The iso* 
lated population has to pass out of the set of ecolo)}f 
ically precise parameters to which it and the pareni 
population .are adapted into another adaptive zont* 
The intervening conditions arc unstable and inadap+ 
five; most and indeed usu.illy all populations undci-f 
going such a transition will not survive to gain tlK| 
ne.xt adaptive peak. It is convenient to consider thfl 
problem in terms of an ‘adaptive landscape' (Wngh|l 
1932) of high hills of adaptive fitness separated b4 
low'-lying inadaptive ‘swamps’, which have to l» 
traversed and in w'hich most adventurers will sml 
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without trace. Tliosc that do survive and gain the ‘frozen’ in a more juvenile form, yet they arc still 
next adaptive peak will carry only a fraction of the frinctional. 

toal gene pool of the parent population. Thus this McNamara (]y90a,b, 1995) has sununarized three 
newly Isolated population already starts w'ith a separate paedomorphic processes. Progenesis occurs 

biastd sample ot genes by comparison with the by precocious sexual maturation (and thus affects all 

whole gene pool (Mayr’s founder principle), and structures leading to a small and juvenile version of 

this in itself, subsequently reinforced by mutant alle- the ancestor). Neoteny involves a reduced rate of 

b. may be a significant step towards speciation. On morphological development (and may affect all or 

the other hand, if it has lost too many genes by only some morphological structures; the descendant 
'genetic bottlenecking’, referred to earlier, it may is usually the same size .is the ancestor). Post-dis- 
I have litde chance of renewal. placement occurs by delayed onset of growth of par¬ 

ticular morphological structures relative to others 
Heterochrony (only single structures are involved and they asually 

When an organism develops from a fertilized egg resemble small and juvenile versions of the ancestral 
I the different organs appear and grow in a precise fonn). 

I sequence, and the timing of these events is geneti- Peramorphosis is the converse process: the dcscen- 
I dlv controlled. The eventual size and shape of the dant adult is morphologically frirther advanced than 

ofgaiasiii are nonnally linked to the timing of the the ancestor. This process can likewise affect whole 

rate ol development, but they can be decoupled organisms or single characten only. Again there are 

hum each other, and this is the basis of hetero- three kinds of peramorphosis: hypermorphosis 

chrony, defined as ‘changes through time m the (delayed sexual maturity), acceleration (increased rate 

I ippearance or rate of development of ancestral char- of morphological development) and prc-displace- 

ictfn’(Gould, 1977; McNamara, 19yi.la,b, 1995; ment (earlier onset of growth). The morphology of a 

McKinney and McNamara, 1991). In the simplest descendant fonn may therefore be a mosaic of nor- 

size alone can be affected. We may think, for inal, paedomorphic and peramorphic characters, 

example, of a mlobite in which coordinated dcvel- Whereas heterochrony is more frilly treated by 

opmciit of size, shape and timing leads to an indi- McNamara (I99().a,b, 1995) and McKinney and 

ndujl ot nomial size for the species. In descendant McNamara (1991), two important points can be 

fomi. however, there may occur a mutation affect- summarized here. First, hetcrochronic changes arc by 

ing rate of development. If so, the descendant trilo- nature ‘instantaneous’, and many of the microevolu- 

bitc may go on growing until it is much larger than tionary ‘stepwise’ changes seen in the fossil record 

the ancestral fomi. Then the genetic timing media- may have originated in this way. Second, hctc- 

imin which puts an end to growth (and which has rochrony offers animals an escape from specialization, 

hecn relatively slowed down) catches up and An animal species may be well adapted to a particular 

I Itrowth temnnates. The result is a giant venion of environment, but if the environment itself begins to 

the ancestral trilobite; equally a dwarf could result alter, the only way out for the species is to change 

from the carlv onset of the growth-stopping pro- into something else, and heterochrony may enable it 

iJininic. rapidly to do so. 

While heterochrony is probably a primary control 
Changes in shape or morphology result in different of microevolutionary change, it is perhaps even 
imirtures developing at different rates. There are more important in understanding the origin of 

iwo possibilities here, paedomorphosis and per- macroevolutionary novelties; it is indeed one of the 

imorphosis. In paedomorphosis the ‘juvenile’ most cntical concepts in the whole of evolutionary 

diarartm of the ancestor are retained into the adult palaeontology, 

nt the descendant. The whole organism may be 

ift’ectcd, so that the descendant adult resembles a Testing microevolutionary patterns 
juvenile of the ancestral form. Alternatively, only The fossil record is undeniably incomplete, and it 

tmaiii characters change - the structures concerned has been argued that there are so many gaps in it that 

have failed to pass through all the normal stages ot it cannot really be used to interpret rates of evolit- 

dt'velopincnt - their morphology h.is become tionary change. There is truth in this and we can 
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only be fairly sure about processes in marine inver¬ 
tebrates if we sample on a fine enough stratigraphic 
scale. Ideally, to record rates and processes of 
change, we need to undertake very detailed micro- 
stratigraphic collection through an unbroken sedi- 
inenury sequence, using large volumes of material 
for statistical proce.ssiiig, with precise, independent 
stratigraphical control, and over a broad geographi¬ 
cal area. 

All these objectives are seldom obtainable, and 
even if they are, it has to be remembered that sedi¬ 
mentation in most depositional settings is either too 
slow or too intermittent to permit resolution of 
short-term, continuous biological processes in the 
fossil record. Even the most carefully sampled 
nucrostratigraphic sequences represent spans of time 
many times longer than human lifetimes (Schmdel 
1980, 1982). The details of local short-tenn 
processes (e.g. colonization or fluctuating popula¬ 
tion dynamics) cannot normally be resolved by 
palaeontological techniiiues. 

This IS one problem; another more serious one is 
that rates of sedimentation may change, often quite 
markedly, during the deposition of a fossiliferous 
sequence - which will impose a bias on interjsreta- 
tion. Suppose that a population of brachiopods liv¬ 
ing in the same environment had slowly changed in 
response to a continuous weak selection pressure. It 
the enclosing sediments had accumulated at a con¬ 
stant rate, then a gradual pattern of evolutionary 
change would be recorded. It, on the other hand, 
sedimentation had been intennittent and there had 
been crosional breaks, we should see an apparently 
stepwise pattern ot evolution. An artificial and pos¬ 
sibly undetectable bias is therefore imposed, making 
gradational events look as if they are piinctuational. 
Our knowledge of small-scale evolutionary events, 
therefore, is only as good as the sedimentary record 
allows it to be. 

Yet a further problem is how to recognize ances¬ 
tor-descendant relationships. It we h.ave a continu¬ 
ous sedimentary' sequence with gradation.il 
transfonnations, then the older fossils would seem to 
be the ancestors and the younger ones the descen¬ 
dants. If, on the other hand, a sequence displays sed¬ 
imentary changes coupled with sudden shifts in 
morphology, the relationships are far Ic.ss clear; the 
younger elements may have been independently 
denved and have migrated in from elsewhere. The 
greater the morphological shift, the less can ances¬ 


tor-descendant relationships be postulated sadth cer¬ 
tainty. In such cases cladistic analysis is likely to 
prove useful. 

Analysis of case histories 

There are now a fair number of well-documented 
cases illustrating various patterns of microevolution¬ 
ary change (summarized in Cope and Skelton, I98f); 
Clarkson, 1988; Sheldon, 1990a,b). There arc goodl 
cx.imples of long-temi stasis and ot the origin ol 
new species by abrupt morphological le.aps. Equally, 
there arc several instances of an apparently gradual 
phyletic change. Both modes of evolution are possi¬ 
ble, and there is no reason why they should be 
mutually exclusive. 

Of the classic and often cited earlier studies which 
purported to show gradual change, many do not 
stand up to detailed analysis. They were not earned 
out on a sutficicntly detailed scale and their aiithnn 
were not uninfluenced by preconceptions. They 
found what they expected to find; gradual morpho¬ 
logical shifts through time. Thus an analysis ot tht 
Jurassic oyster Cryphaca by Trueman in the 192(it 
seemed to show a gradual trend towards incre.isrd 
coiling. Hallam’s (1982) more finely resolved stud¬ 
ies, however, showed a pattern ot stepwise change, 
with paedomorphosis as a control ot speciation. The 
only indication of gradual evolution here is a 
phyletic size change through time. 

Of course, the researches of Eldredge and (lould 
arc not immune to criticism cither. Eldredge s studr 
of Phacops (section 1 1.3) covered a wide geographi¬ 
cal area. It demonstrated that sta,sis was the nomii| 
and th.at speciation was rare and prob.ably rapid. bui[ 
the stratigraphy was not tightly constrained enou^l 
to allow the process of speciation to be pinpointedl 
accurately. It could also be argued that the charac-i 
tors used, i.e. the number of files of lenses in tliA 
eyes of these trilobites, is itself discontinuous andT 
would inevitably show stepwise changes. Likewise! 
.although Gould’s studies of evolution (section S.d't 
covered only half a million years of geological tiiiic.l 
snail shells are rather simple things with few charac-| 
tors that can be measured. i 

Willi-imson (1981) made a very detailed study dB 
Late Tertiary molluscs in a lake ba.sin m East AfricJ 
In all his 13 lineages the pattern which eiiiergedl 
accorded with the pattern of punctuated equilibriiB 
and with long periods of stasis. Apparent speciatioA 
events were accompanied by a much higher tiuiw 
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usual variability, amt these seem to have taken no 
more than 5t)< 10-500 000 years. Hut it is always pos¬ 
sible that some of the changes recorded arc not truly 
jcnctic; some might liavc been ecophenotypic — a 
piircW developmental response of individuals to a 
changing environment. 

There are other examples, e.g. in the Cretaceous 
sea urchin Discoidvn (Smith and Paul, 1985) where 
mall-scale changes that can be followed through 
ome were imposed by environmental causes alone. 
These can be correlated with alterations in sediment 
t^'pe - sshenever the sediment was mucidier, the test 
was higher. Such changes are ecophcnotypic, not 
cvoludonarv'. Yet other examples have been docu- 
iKiucd of truly genetic change, of which Sheldon's 
(1987, 1988) study of Ordovician trilobitcs from 
central Wales (section 11.3) is compelling. These 
fossils occur in great numbers and arc superbly pre¬ 
served in a virtually continuous sequence of black 
shales. The sequence smdied spanned some 3 Ma 
and within it are eight common trilobitc lineages, all 
ul which showed a net increase in the number of 
nbs 111 the pygidium. It is a striking indication of 
Itndual evolution occurring in parallel in the various 
genera and made all the more rem.irkable by charac¬ 
ter reversals, i.c. temporary decrease in rib number 
bin time to time. Gradual evolution docs not ncc- 
essanlv mean unidirectional changes. In another 
smd\' spanning about the same length of time as 
Sheldon's (c. 3.5 Ma) trilobitcs from a Middle and 
Upper Devonian section in France were examined 
(Feist and Clarkson, 1989). Here conodont evolu¬ 
tion was used as an indcpiendent control of bios- 
tnognphy. These tropidoeoryphine trilobitcs are 
found as two separate and successive lineages, and in 
both the eyes became reduced in size and finally 
non-hiiictioiial. This may be coupled with the 
adoption of an infaunal, burrowing habitat. Such 
changes are interpreted as gradual and it is the pre¬ 
cise stratigraphical control provided by the con- 
odoiits which enable this to be so. 

Fcrliaps the clearest indication of both gradual 
jnd punctuated evolution occurring together is 
Fortey's (1985) work upon Lower Ordovician trilo¬ 
bitcs 111 Spitzbergen. Here tlierc are many olciiid 
trilobitcs. They arc almost certainly benthic, and 
ihes show a clear pattern of stepwise evolution - the 
jbnipt origin of new species followed by stasis. In 
t ihc same beds one finds the large-eyed trilobitc 
C-wlitiiiM, which swam in the upper waters of the 


sea (section 11.3). This pelagic trilobitc. however, 
showed a continuous and gradual change through 
the same succession, and the fact that it does so 
demonstrates that the jumps between the olenid 
species are real, and not the result of hidden sedi¬ 
mentary breaks. This is the same succession in 
which we see both gradualistic and puiictuational 
change. The two modes of evolution are real, and 
the apparently competing theories turn out, after all, 
to be complementary. 

Phyletic changes seem to be important in the fine 
tuning of species to their habitats. Wc should con¬ 
sider however, the following question. What sort of 
environments arc likely to favour punctuational 
change and stasis and which would favour gradual¬ 
ism? It has been suggested (Johnson, 1982) that 
punctuational change is most likely to occur m ben¬ 
thic, and gradual change in pelagic, environments. 
This would seem to be true of Fortey’s trilobitcs. If 
evolution is largely a matter of adapting to changing 
environments, might wc not expect to find abrupt 
morpliological changes in environments where 
physical changes were likewise abrupt? Conversely, 
pelagic environments and those benthic regions less 
disturbed by violent changes would be expected to 
be more the locus for gradual adaptive change. 
Sheldon (1990a,h. 1996), with the deep-water envi¬ 
ronment of his Welsh trilobitcs in mind, would 
concur with the latter point, commenting that ‘per¬ 
sistent phyletic evolution is more characteristic of 
narrowly fluctuating, slowly changing environ¬ 
ments’. He suggests, however, that stasis is more 
likely to prevail in more widely flucniating and 
rapidly changing environments. Quite possibly 
some morphologies arc static and comparatively 
inert within quite wide environmental boundaries. 
They may be comparatively unalfectcd by ‘noniial’ 
environmental changes and it is only when the 
broad bounds of these are exceeded that we might 
expect spcciation events to happen. 

Co-evolution 

Many species are co-adapted to life in an intimate 
association with another species, usually of a totally 
ditferent kind. Such associations have arisen by a 
kind of complementary process known as co-evolu¬ 
tion and the adaptations of the two species con¬ 
cerned are essentially linked. A predator-prey 
system is one such example, as are symbiotic and 
commensal relationships, and of course there arc the 
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mutually necessary relationships between flowering 
plants and insects, or in some eases, birds. 

In view of the close co-adaptation between 
species a modification of one will promote changes 
in others. This is clear, for example, in the evolution 
of molluscs, perhaps the most eminently edible of all 
invertebrates, in which 'evolutionary escalation', an 
*anns race’ between predator and prey has been a 
dominant control of dicir evolutionary history 
(Venneij, 1987). Van Valen (1973) developed this 
theme in a different direction. He drew up plots of 
species survivorship, showing how long the compo¬ 
nents of an original sample of organisms survived 
through time. Rather surpnsingly, he found that the 
likchhood of extinction of any species remained 
constant; a species might become extinct at any 
time, however long ago it had originated. In other 
words species do not necessarily have better chances 
of survival because they have existed for a long time. 
Coascquently species must continually be in a state 
of evolutionary' flux simply to keep up with each 
other to achieve a constant balance. Evolution is 
thus forced mainly by biological factors. This is the 
Red Queen hypothesis, based upon Lewis Clarroll’s 
fomiidable personage in Alice through the L.Mikini; 
Glass who told Alice ‘Now here, you see, it takes all 
the nimung you can do to st.ay in the s.nnc place’. 

The Red Queen hypothesis makes the a.ssump- 
tion of progress, that later members of a lineage will 
be better at surviving than earlier ones. For molluscs 
this .seems reasonable. For other animals this 
a.ssumprion is more difficult to test, even at the 
macroevolutionary level, where most of the current 
debate hinges (Benton. 199(1). An .iltemative model 
is the Stationary hypothesis. This proposes that evo- 
lurion is forced mainly by non-biological. environ¬ 
mental factors. In an unchanging environment there 
will be no change. Speciation, evolutionary bursts 
and extinctions only happen when the physical 
environment changes. Testable data remain fairly 
equivocal, but as Benton (1990) shows, continuous 
‘constant running' may just not be possible for many 
lineages in view of the constructional and develop¬ 
mental hmits of the organisms themselves. 


Macroevolution 

Evolution is a hierarchical phenomenon, in the 
sense that changes of evolutionary importance may 


take place at any level; the genome, the individual, 
the species, or above. Moreover, processes such as 
selection and drift can operate at all these levels. We 
have already considered some of the mechanisms 
operating at the genome level, and we have seen 
that microevolution is concerned with changes 
within species or with minor taxonomic transitions. 
Macroevolution, on the other hand, refers to evolu¬ 
tion at higher levels or, to use Levinton’s (1983) 
definition, with ‘the characteristic transitions that 
diagnose differences of major taxonomic rank'. It is 
in the study of macroevolution that palaeontology 
has, perhaps, its most direct contribution to make. 
Bearing in mind that several thousand generations 
may have lived and died during the time of deposi¬ 
tion of only 1—2 mm of sediment, there is no way in 
which a mily fine focus can be obtained on events 
which took place during this time unless sedimenta¬ 
tion was very rapid. Detailed palaeontological stud¬ 
ies are better at resolving the more major features of 
evolution: species selection, the origin of new struc¬ 
tural plans .md higher taxa, adaptive radiations and 
extinctions, and rates of evolution. 

Species selection 

Wc begin with species selection, since it is here that 
the long-tcnn differences between micro- and 
macroevolution are most clear. In microevolutioD 
the unit of selection is the individual, variations an« 
from mutation and recombination, and natural 
selection operates by favouring individuals with 
character combinations suitable for survival. At the 
macroevolutionary level, however, as Stanley (1979) 
has shown, the unit of selection is the species, the 
source of variation is in (rapid) speciation eventj, 
and selection acts upon species with favourable 
character combinations. This Ls species selection, ii 
is, of course, analogous to natural selection. Uui 
while rate of reproduction and potential for individ¬ 
ual survival operate at the individual level, rate of 
speciation (i.c. birth of new species) and specie* 
longevity are determinants in species selection. 

So having defined species selection, how does it 
operate? On the punctuation model, speciatioa 
events produce discrete species which, after a brid 
and geologically instantaneous period of flux, have 
their characters defined from the start. Thereaiter 
there is usually a long period of little change; virtual 
stasis except, perhaps, for a little phyletic fine-tun¬ 
ing. Within a plexus of related species, howevet 
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when followed through long time intervals, there is The origination of higher taxa, in this sense, remains 
olten a net eyolutionary change or trend. There the least understood of palaeontological phcnoni- 

be several coupled trends, some of which can ena. It is sometimes referred to as mega-evolution, 

be revetsed. Such trends (e.g. the increase m com- though the temi is seldom used nowadays, as it 
pkxitv- ot the anunomte suture, or the numerous seems to be another fonn of macroevolution operat- 

^igcs evident m graptohte phylogeny) have been ing at a higher level, and it is hard to know where to 

known tor a long time and have been interpreted in draw the boundary. When more is known about the 
m ways. In modeni macroevolutionary theory functions of the genome, and how the information 
ai«e trends result from species selection, those carried in the genetic code results m a fully devel- 
fmes with character combinations advantageous oped individual, we shall have more of an insight 
for survival being selected through time. How into this most critical yet most elusive of all aspects 
rapidly and how etfectively they spread depends of evolution. 

upon many factors, not the least of which is the rate The links between higher taxa arc obscure and am 
ot generation ot new species which happen to have but poorly represented in the fossil record, as exempli- 
these characters and the tendency to survive for long tied by the divemtication of life m the early 
penods. Vanation in spcciation rate and m extmc- Cambrian, where transitional or linking fonns are 
non rate alone, or w'lth selection operating, wiU absent. The geological record gives no indication ot' 
itiect the development ofa new evolutionary plexus such relationships, and our knowledge thereof rests 
j entirely upon the traditional disciplines of comparative 

All important concept, stressed by Stanley, is that anatomy and embryology, supplemented, to some 
macroevolution is decoupled from mieroevolution. extent, by chemical taxonomy. But what die fossil 
This IS because individuals arc the units of selection record does give is many examples of the ‘insUnta- 
«the microevolutionary level, and species arc the neons’ origin of new structural plans. The derivation 
equivalent selection units at higher levels. Hence of monograptids from diplograptids, the begmiungs of 
large-scale phylogenetic trends are nothing to do irregularity in echinoids by the abrupt displacement of 
mih phyletic trends within a particular species, the pcriproct. the ftision of die mantle in bivalves to 
Though species selection is the bisis of much fonn siphons: all these arc important, sudden key 
nucrocvolutioiiary change, it is not the only agent; mnovarions which allowed great evoluticmary divcrsi- 
uurr is also what is known as directed spcciation, ficarion thereafter. 

where basically random changes move in the same Such changes as these arc now understood in 
tkneral direttion. and phylogenetic dnft, which is tenns of changes of regulatory genes which control 
wnipmblc to geiictit dnft at a macroevolutionary the operation of structural genes. More importantly, 
‘vcl. These are less important, however, and species evolutionary novelties may arise by relatively minor 
election renuins as ‘mieroevolution in action’ the changes in the regulatory gene complex. This might 
pnmary mode of iiiacrocvolutionary change, over affect a character or group of characten, but such 
longer time penods. regulatory gene changes might, on the other hand. 

-. . ri. I •iffcct the whole organism, 

rigins of higher faxa A well-known process that is presumably con- 

Nns types ot structure, and new grades and systems trolled by regulatory genes and seems to have been 
ol ii^al organizadon. appear very suddetdy in the important in evolution is change in relative growth 
toad ^wd, tesdfying to an initial and very rapid of different parts of the body giving the derivative 
penial ofcvolution. Such changes may be relatively stock difi'erent proportions. Such allometric 
mild, defining new groups at lower taxonomic lev- changes might be sudden or gradual, and might well 
els. Much larger changes, of great importance, result account for much evolutionary change, 
lu the ongmjtion of higlier taxa: orders, classes and Abrupt and major changes are less easy to uiidcr- 
phvli. Even in the first representatives of these stand, .and have been the subject of much discussion 
groups, al the systems ot the body, and all the In 1940 Goldschmidt proposed a novel and certainly 
aiutcmiical, mechanical, physiological and biochem- somewhat fanciful concept to account for the scem- 
liil clemctiB therein, have to he precisely and har- ingly instantaneous origin of new species and indeed 
moninusly coordinated from the very bcgmmng. higher taxa. He held that major chromosomal 


46 Evolution and tfie fossil record 


mutations or rearrangements could iti rare cases pro¬ 
duce a ‘hopeful nunister’, a viable new kind of 
organism winch could be the progenitor of an 
entirely new taxon with its own character. 
Goldschmidt's views were never popular, largely 
because of the very low probability of such a ‘freak', 
even if it happened to have new adaptive characters, 
being able to find a mate and breed. Yet there is still 
some support for a modified and toned-down ver¬ 
sion of the ‘hopeful monster' concept, and it is not 
impossible to envisage a viable and ‘not-too-freak- 
ish’ freak, breeding initially with similar novel off¬ 
spring ol the same parent in a small population, as 
the founder of a new taxon. Few would accept 
Goldscluiiidt's idea in its original and e.xtreme fonn, 
but it is quite possible that a comparatively few 
quantum events over several generations could have 
led to an entirely new type or organization. 
Moreover, the modem view of the genome, as a 
hierarchically organized and dynanucaUy interactive 
system, allows for much more coordinated Hexibil- 
ity than would have seemed possible a few years 
ago. 

We have already considered the importance of 
heterochrony in the origin of new species. It seems 
to be even more so in considenng the origins of 
higher taxa and of new systems or organization. In 
many cases it provides an answer to the enigma of 
how a living organism can abruptly produce a 
descendant fonn, which may be quite different in 
some respects and yet still is a fiinctional, coordi¬ 
nated organism. Flere is one example. The eyes of 
most trilobites (section 11.3) are holochroal; that is, 
they have many contiguous lenses closely packed 
together upon the visual surface, fins is the primi¬ 
tive t^qae of eye which can be traced back to the 
early Cambnan. There appeared, however, in the 
early Ordovician a new kind of eye, confined to 
phacopid trilobites .alone. These schizochroal eyes 
have relatively much larger lenses, not very numer¬ 
ous, and separated from each other by cuticular 
matenal. They look very different from holochroal 
eyes. It is at first sight very hard to see how' the 
schizochroal eye could have been denved from any 
holochro.al precursor. The answer lies in a study of 
the ontogeny. For the juvenile eye of an adult 
holochroal-eyed trilobite is, in effect a miniature 
schizochroal eye. It has relatively Large, sep.aratc and 
few lenses. Arrest its development by paedomor- 
phosis, and the juvenile ‘schizochroal’ eye becomes 


tlae adult fonn. A certain amount of reordenii^'- 
the Icns-packmg system, a little fine tuning, in. 
there we have a true phacopid eye. What we cantn/ 
know is the nature of the selection pressures wliiiT 
led to this fairly dramatic reorganization. We caiihf' 
sure, however, that since this kind of eye was tumal 
tional in the juvenile stage, it must have been 
equally functional when it was adopted throujdi/ 
paedomorphosis, as the adult type. 

This is just one example. There are many othciv! 
Paedomorphosis has often been considered as baii|| 
responsible for the origin of early fish-like ancestooP 
of vertebrates from the tadpole-hke, free-swiiniiiiM 
larvae of sea squirts. Likewise the small planktunitt. 
copepods may be products of the early onset o([T 
maturity in planktonic lars'ae of benthic crustaccamj * 
The importance of heterochrony (Gould, 197^ 
McKiimey, 1988; McKinney and McNamara, IWll 
cannot be overstressed, as it can account for ahtuptj 
evolutionary changes at every level of organization 
Paedomorphosis may be seen as a special case n! 
pre-adaptation. The concept of pre-adaptation, u 
Its simplest form, means only that animals iiimi 
already possess characters capable of being modiliet^ 
if they are going to be able to adapt to new environ* 
ments. Sometimes these characters may be in thti 
fonn of organs that have lost their original ftinctiora; 
they arc therefore ‘spare pans’ and can re-idiltj,. 
become adapted without inhibiting an existin(U 
function. More often, however, they are alrcad^A 
functional, but by becoming modified they nnrft 
then become more flexible in the variety of func-n 
tions they perfonn. There are many good cxaniplfijl 
drawni from the vertebrates, such as the use of a gutj 
diverticulum as an air-breathing lung in nevoiiiar.B 
and later lunglish living in rivers and ponds that airl 
liable to dry up; the same structure became the swimB 
bladder in ray-finned fish. | 

Numerous examples could also be cited in tlxL 
invertebrates, the remarkable adaptation of alreadya 
existing spines, cilia and tube feet in echinoids fori 
deep burrow'ing being an ideal case. ■ 

However, not only may structures be pre-adapted* 
before modification; they must also become post-^ 
adapted while their ftmetion — and probably form], 
as w'cll — arc in the process of being transformed 
Pre-adaptation has become recognized as a vervl 
critical concept, indeed Carter (1954) has written,I 
‘No adaptation is possible without some grade ofl 
pre-adaptation in the structure to be adapted'. I 
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An earlier concept relating to ontogeny as a tool 
(or understanding evolutionary relationships was 
itu! of Haeckel, who believed that the ontogeny of 
<uy animal was a more or less direct recapitulation 
ofilsphylogeny. In other words, the young stages of 
ilevclopment of any animal are very similar to what 
itic ancestors of that species were like. In embryol- 
and in palaeontology there is very little evidence 
inr this (though one or two possible cases are dis- 
cassed with reference to ammonites in section 8.4), 
iiid since the widespread acceptance of hetero¬ 
chrony, Haeckel’s ‘biogenetic law’, as it was called, 
hisbeen very largely discarded. 

Rotes of evolution, adaptive radiations and 

extinction 

Evolutionary rates within evolving groups arc fiir 
(rout coastant, as has long been known (C'ampbcll 
wdllw, 1987). If we consider evc'lutionary rates in 
terms of production of new species, and how long 
difsc Uxa persist, a cotnmon and general pattern 
.■merges in most fossil groups. This is that in the ini- 
I 9 j 1 Mages of the life of a higher taxon, evolutionary 
hdangc IS much more rapid than it is later on. When 
liucccssful new animal group appears for the first 
nme (imtally with a new body plan or with a key 
I idiptivc innovation) there is a great initial evolu- 
1 lioim ’burst’. New taxa proliferate rapidly and 
expand their geographical range quickly, and the 
iKiv groups arising from this burst become adapted 
to many environments. This pirocess is known as 
idiptive radiation and is always a time of rapid 
evolutionary change (sometimes known as 
lirhytelic evolution) and of high production rates 
ot spenes, genera and possibly also families and 

[ Adaptive radiation may be virtually global or gco- 
piphically quite localized. Moreover, it may occur 
It Jniost any taxonomic level, but it is most strik¬ 
ingly illustrated by such phenomena as the initial 
il)vcnific,ition of invertebrates in the early 
Cunbnan, the radiation of Ordovician trilobites fol- 
k'Wing the later Cambrian extinctions, or the sud- 
, ill origin and rapid proliferation of higher 
I muDceaiis in the early Carboniferous. A further 
Uimple, though on a more spread-out timescale, is 
Hr Jurassic evolutionary explosion of sea urchins, in 
which many highly succcssfi.il and persistent orders 
avcisiticd from an imti.d stock which bad survived 
feiiii die Palaeozoic. The initi.il impetus for an 


adaptive radiation is commonly a new structural 
plan. In marine organisms adaptive radiations are 
very often also linked with marine transgressions, for 
it new space is created and new environments are 
generated then opportunistic groups will arise to 
colonize them. 

Once the initial burst of diversification is over 
and the main groups are differentiated, the rate of 
species production slows down, and the species tend 
to survive longer. Whereas the new taxa originated 
by quantum evolution during the early stages of the 
radiation, it is during the later stages that phyletie 
microevolutionary change can play a part, for it 
allows adaptive fine-tuning, such as slow change in 
size through time or alteration in the tmung of 
breeding cycles. If a particular species becomes 
extinct, it will probably be replaced by a new one 
from a related stock and will become tuned to its 
environment in the same way. If the origin of new 
species more or less equates with the extinction of 
older ones (horotelic evolution), the lineage will 
survive and remain vigorous. If species abimdaiiee is 
plotted against time, then their differential survival 
or extinction will give rise to clades (i.e. clusten of 
branching lineages) of particular shapes. For exam¬ 
ple, when initial evolution has been rapid, and there 
is thereafter a slow and gradual decline, the resultant 
pattern will resemble a fir tree in outline. 
Conversely, though rarely, a more gradual increase 
in numbers of species, followed by a relatively 
abrupt extinction, produces a pattern of painthnish 
shape. More commonly, clade shape resulting from 
a rapid initial burst, and expansion, followed by a 
fairly rapid decline, though with some members 
persisting thereafter, over long time penods, takes 
the fonn of a sprouting snowdrop bulb. In such a 
case the survivors continue as relicts long after the 
parent group which gave rise tti them has disap¬ 
peared. These survivors are living fossils, continuing 
111 the virtual absence of evolutionary change 
(bradytelic evolution). Such genera as the bra- 
chiopod Liiiffiila may be considered here. This genus 
was already in existence in the Upper Cambrian and 
since then has changed relatively little. It is able to 
survive because early on in history it colonized a 
‘difficult’ but persistent environment, that of mud¬ 
flats and shoals exposed at low tide (though speci¬ 
mens are known from deeper waters). There was 
relatively little competition for this since the physio¬ 
logical problems imposed by fluctuating salinity and 
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periodic exposure are severe. But because Lin>iula 
was able to cross tins adaptive threshold, which 
other invertebrates have rarely been able to do, 
there is no reason why it should not go on hviiig in 
such an environment indefinitely. It is unlikely to be 
displaced by competitors. 

Some ‘bradytelic’ animals now hve in the quiet 
and stable waters of the deep sea. Hexactinellid 
sponges and tlic monoplacophoran mollusc 
Sit'opiliiui (whose most recent fossil relative is Middle 
Devonian) are amongst these. But the deep sea, 
thougli a stable enough environment and a haven 
for relict stocks, is not an ideal home because ot the 
relatively limited food supply. Those animals which 
can cope with such unpopular env'ironments have a 
fair chance of becoming bradytelic, under the influ¬ 
ence of stabilizing selection. 

Kelicts of once important groups living thus may 
be restricted to certain habitats, but this does not nec- 
essanly mean that such ‘living fossils’ arc declining: 
given the nght conditions these taxa coultl go on for 
ever. Whereas, as mentioned above, they may inh.ibit 
environments for which there is little competition, it 
might be also that they h.ivc a wider environmental 
tolerance than do other animals. New views on the 
nature of living fossils are summarized in Eldrcdgc 
and Stanley (B)S4). With the exception of living 
fossils, it seems to be the lot of all t.ixa to become 
extinct. In some cases there is a kind of relay of 
species, a new one coming in to occupy the vacant 
niche left by the extinction of a precursor. In particu¬ 
lar groups there seems to be .1 definite correlation 
between a high rate of spcci.ition and a high extinc- 
non rate. According to Stanley (197'>) there are two 
reasons for this. One is that speciation and extinction 
.are very high in small, local populations. If a popula¬ 
tion becomes widespread, it limits further speciation 
in the area it inhabits, and its broad geographical 
spread is a bulwark against extinction. Thougli parts 
of a widespread population living in local areas may 
die out, mainly due to accidental factors, the whole 
popul ition is less likely either to become e-xtinct or to 
allow the production of new species from the same 
stock. A second factor documented by Stanley is that 
rates of speciation and extinction vary with behav¬ 
iour. Specialized behaviour patterns are characteristic 
of particular species, and if any species becomes too 
specialized (e,g. in food preferences) it may increase 
the vailnerability of that species to extinction through 
even minor environmental change. 


Evolving lineages in the fossil record sometitiio) 
show patterns of directionality collectively known 
‘evolutionary trends’ (McNamara, 199()a,b). ThcKB 
may be anagenetic, occurring in a single non-l 
branching lineage, or cladogenetic which involvtl 
speciation events. In some cases the changes comtl 
about through successive paedomorphic events sol 
wc have ‘pacdomorphoclines’. Some examples arc! 
summarized in Chapters 6, 8, 10 and 11, thoughJ 
more fully treated in McNamara (19y0a,b). Maii>'^ 
trends seem to be adaptive, arising from continucdl 
natural selection in a particular direction. Yet theW 
role of adaptation has been called into question, andl 
at least some may be the result of random sortm|;i| 
alone. 1 

Throughout the history ot life individual tan'u 
have originated, flourished for a longer or shortcil 
time, and then become extinct. The demise of indi-l 
vidual species has left little trace upon the broad pat-1 
tern of evolution. Much more important, however, 
have been periods of mass extinction which arcl 
dealt with from the geological and stratigraphicij 
viewpoint separately in Chapter 3. But at this poiiii' 
it is worth stressing that when, through m.ijor envi¬ 
ronmental catastrophes of one kind and another, 1 
many kinds of organisms are killed oft simultane-B 
ously, the whole evolutionary pattern is disrupted! 
When such catastrophes happen, as they have nuny r 
limes within the Phanerozoic, whole ecosystemil 
collapse along with their component organisms. All b 
the adaptations of individual species, the result o(||| 
successful initial evolutionary bursts and of subsc-1 
quent fine tuiiuig over millions of years, are simply B 
wiped out, together with all the delicate ecological! 
balances between species. I 

When normal conditions are restored again afteij 
such a mass extinction period, and e.specially if therr | 
is a subsequent manne transgression opening up 
new space and habitats, then evolution resumes, 
based upon new adaptive radiations and on tht 
development of new ecosystems. Mass extinctions, 
more than any odier factor, control the whole p.it- 
terii of the evolution of life, by resetting it froin 
time to time in new and different combinations. It 
seems indeed to be the case that major physical 
or environmental catastropihes have caused more 
large-scale change than has competition between 
organisms. 

So we should now consider what the role of 
compictition has been [ 
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Evolutionary convergence may be interpreted as a 
strategy for coexistence which would inmimize tlie 
effects of selection, so that it would operate upon all 
Uinvin emphasized the role ot competition as an the individuals in the range of overlap as it they 

importaiit factor in natural selection. It is clear that were ju.st one species and not two competing ones, 

tpmpetition for food, living space and mates is a pn- Divergence of characters, on the other hand, sug- 

Burv control within a single species or population, gests selection within the two species for slightly dif- 

ThiMs competition in simple ecological temis. Such fereiit habitats, so that competition is avoided by 

rotiipctition may be direct, in terms of aggression habitat proliferation. 

mil the establishment ot a hierarchical order within Cases illustrating these are known from the fossil 
cauui kinds ol higher animal societies. On the record. In Cambnan agnesstid trilobites there is evi- 

(nhcrhaiid it may be indirect, in terms ot too many deuce of depth segregation, as well as geographical 

individuals passively exploiting the available food separation in closely related species, and at the same 

tupply. Hut what are the ellects ot competition time size displacement seems to operate in several 

between species, especially it one invades the terri- species. It has been predicted that, in order to be an 

(oiv of another or it the geographical ranges of two effective strategy for avoiding competitive elimma- 

speofs overlap? Undoubtedly interspecific competi- rion, size displacement would need to be in the ratio 

non is highly important, as is witnessed by the cata- of about 1: 1.2S for sympatric species. The fossils 

wophif reduction of the native Uritish population investigated, including these agnostids, seem to 

(it red squirrels after the introduction of the come remarkably close to this theoretical figure. 

Aitiencan grey squirrel in the nineteenth century. Eldredge (1974a) has show'll how’" dunng 
There arc now very tew red squirrels left in Britain, Devonian times in North America there lived two 
alter only about loo years. species of the large trilobite Ptiacops. P. iouivsis 

An invading s|.u‘cies may be e.xpected to tail to inhabited the western area, whereas successive 
iln|ilaic an established species, to take over part ot allopatncally derived subspecies of P. riiiui (probably 

ns range and set up a territorial balance, to infiltrate originating as a European invader) occ'upied the ter- 

ind ukc up a previously unoccupied niche, or to rain to the ea.st. The species range of the two did not 

diininatc the native species entirely. How often the normally overlap — a case of non-competitive geo- 

kter happens is not clear, for in the fossil record graphical separation — but where the two species arc 

tbnipt faunal breaks may signify the migration of an found together, P. rana and P. iowvnsis mutually 

dlupatrically derived species into an area after the reacted; P. iowctisis diverged in morphology from P. 

luuve stock has become extinct through environ- rann whereas P. rana converged, diverged or stayed 

mental or other causes. Quite commonly neither ‘neutral’ in different characters, exhibiting a ‘mi.xed’ 

ipeiics becomes extinct and competitive climina- reaction. On the basis of these studies Eldredge h.is 

non between sympatric species (i.e. species living suggested that character displacement may be no 

ID the same area) may be avoided by a variety of more than a ‘magnified microcosm of the general 

adaptive strategies. One way is spatial segregation; pattern of interaction between two species even 

the aiimuls come to inhabit and feed only within when allopatric', provided that allopatry is sustained 

imcily localized geographically or vertically (depth) through competitive exclusion, 

restricted habitats. Hence the two sympatric species Even though such mechanisms exist, competition 
art not directly competing for food or hving space. docs operate to limit species and perhaps to cause 
Another strategy' is character displacement, either extinction, at the interspecific, ecological level to 

ui sympatric species or where the ranges of neigh- which we have referred. But does it ;ilso operate at 

houting species overlap geographically. In the latter m.ijor extinction periods, and if so, how? 

ciw some rather curious reactions between the two Since competition has been identified as an evi- 
ipecics with their similar ecological requirements dent agent in evolution, there was for a long time a 

at set up. Either individuals in the range of overlap generally, if lightly held view that competition alone 

»uy come to look very similar to those ot the com- was perhaps the most important cause for the 

petaig species, or alternatively they may diverge in extinction of some groups and their rcpslacement 

{luncters to a much greater degree than nonnal. by others. Although competition undoubtedly is 
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important, the older view that particular taxa some¬ 
how became outdated and were gradually replaced 
by more efticicnt competitors is no longer seen as an 
adequate explanation for all types of apparent 
replacement. Though in some respects, for example, 
trilobites arc biologically limited, lacking strong jaws 
and grasping equipment, these animals were not just 
for their own time, but surely tor all time, remark¬ 
ably well organized and highly functional creatures. 
Recent studies upon their ftmctioiiiil morpholog>’, 
for example, their complex mechanisms for enroll¬ 
ment as a defence against predators, hardly support 
the view that trilobites died out simply ‘bec.ause 
they weren't much good', .is one of the author s stu¬ 
dents memorably phrased it some years ago. The 
history of trilobites, like that of so many other 
groups, is punctuated by a scries ot major and minor 
extinctions, some ol winch can be directly related to 
physical events such as marine regressions and not to 
competition. At each of the ni.ijor events many 
trilobite groups became extinct more or less simulta¬ 
neously. Those that were left continued to Honrish 
for long periods of time. Some of these were then 
removed during the next cntical event, and finally 
the last tnlobitcs disappeared during the great 
Pennian catastrophe, dunng which over 90% of the 
total shallow-water manne invertebrate biota 
became extinct. 

A case which may seem, perhaps, more directly 
related to the effects of competition, was the 
replacement of braclnopocls at the end of the 
Palaeozoic by bivalves as the dominant marine ses¬ 
sile filter-feeding benthos. Hrachiopods dominated 
the level-bottom nearshore and shelf habitats during 
Palaeozoic tunc, but they were able to share a num¬ 
ber of habitats (especially m the nearshore region) 
with bivalves and a long-term equilibrium was set 
up. From the Mesozoic onwards, however, this 
dominance was lost to the bivalves and brachiopods 
became restricted to certain habitats alone. Was this 
a direct consequence ot competition? Or were 
physical factors involved here too? 

There is no doubt that bivalves are much more 
effective filter feeders than are brachiopods. The 
pumping and filtering system of the biv.xlves is more 
efficient than the lophophore of brachiopods, 
though both systems arc composed of filaments with 
beating cilia. However, the organization of the 
bivalve feeding gill produces a relatively stronger 
current, and the net energy gain for bivalves is 


decidedly higher than m a brachiopod filterinsij 
apparatus of the same length. Moreover, processo 
of particle trapping, sorting and digestion in bivalves 
are highly effective by comparison with those in 
brachiopods, and bivalves have in any case a greater 
environmental tolerance. These, and other facton. 
collated by Steele-Petrovic (1979), all indicate the 
relative physiological superiority of bivalves over 
brachiopods and suggest that competition cannot bt 
dismissed as a fictor in faunal replacement. 

Even so, the replacement of brachiopods b) 
bivalves was not directly due to a competitivt 
takeover, but the result of one major episode, thr 
Pemiian extinction crisis (Gould and Galloway, 
1980). Tlus affected brachiopods more severely than 
bivalves - the latter ‘weathered the storm’ better, 
due no doubt to their physiological superiority. 
Competition was undoubtedly intensified dunng i 
the Pennian and the brachiopod-dominated com¬ 
munities were disrupted. When the crisis was over, 
the bivalves, moving from their ongmal nearshore 
habitats, were able to colonize the now vacant eto i 
space, previously occupied by brachiopods. It w» f 
here that the physiological superiority of bivalve) 
was so important, for they responded differently to 
the m.iss extinction period than did brachiopods; 
they were not too seriously affected by the Perniiaiij|| 
crisis. Subsequently they recovered and underwent ij 
major radiation, whereas the brachiopods lost then!, 
fonner dominance and remained of low diversityj 
thereafter. Here, of course, direct competition for|(| 
sea-door space and food may have had a tuning | 
effect on the brachiopod—bivalve bias, but the fauiiiy 
replacement was in the first place set in motion byjf 
major physical catastrophe. 

As Benton (1983) has shown, competition on m 
own may increase the likelihood of extinction in i 
lineage, but it is unlikely to have been the only 
cause. Major catastrophes or physical changes, s 
demonstrated so often in the fossil record, have usu¬ 
ally by themselves been sufticient. 



2.5 Sommary of palaeonfologicol 
•volution theory 


Evolution can be defined as a change in gene 
qucncies through time. In any gene pool most van< 
ation results from recombination of dominant aiii! 
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tcccssive alleles, but new vanation is introduced by 
■uutioii and under certain circumstances mutant 
iUelcs can become dominant. In very small popula- 
aons much evolutionary change is non-adaptive 
bause of the effects of genetic drift, but in larger 
populations selection acting upon the variation pre- 
stnt 111 the gene pool and leading to adaptation is the 
pnmary force in evolutionary change. Molecular 
dnvc may be a third mechanism of evolutionary 
change but, like genetic drift, is non-adaptive. 

New species may arise by the ‘classic’ pathway of 
ilow continuous change in a large population, and 
(hero are some indications of this in the fossil record. 
Equally, and perhaps more commonly, new species 
mav anse abniptly. Some may originate through het- 
^hroiiy, especially in small populations. Other 
new species arise as peripheral Isolates on the fnnges 
of the parent population, migrating wherever there Ls 
a vacant niche. Once established over a wide area, 
populations tend to remain static, being stabilized by 
iclectioii unless there is a marketl environmental 
change which increases the selection pressure. Such 
itaas IS the nonn for populations, and the ongin of 
nw species is a rather special and relatively rare 
event. Competition between species in a new envi¬ 
ronment may be direct in the initial stages before a 
balance is achieved, but in a more balanced conunu- 
mtv of longer standing a stable predator/prey ratio is 
nBinthned and competition is usually avoided, char- 
jcicr displacement between similar types being one of 
the mechanisms. Some types of biotie association are 
icnurkably persistent over long pcnocLs of rime, and 
these include co-evolutionary relationships. 

Microfvolution refers to the ongins of new 
, ipccies This seems to take place either by allopiatric 
I ipeciation in accordance with the predictions of 
population dynaiiuc theories, or through hetero¬ 
chrony. The overlay of the sedimentary record, 
however, obscures to a greater or lesser extent the 
actual processes of speciation. Macroevolurion refers 
to the processes of evolution at higher levels, leading 
to major taxonomic discoiitmuities. 

Mjcroevolutionary species selection leads to the 
evolutionary trends observed in the fossil record; 
these arc decoupled from microevolutionary trends. 
Adaptive radiation is a standard macroevolutionary 
phenomenon referring to the descendants of an 
onginal type (often with a key adaptation) undergo- 
mg a great burst of evolution and becoming adapted 
tor specific habitats and niches. Such radiations are 


only possible where tlierc is vacant exospace. They 
usually take place where a fonnerly stable ecosystem 
has collapsed, and when mass extinctions have 
‘cleared the field’ for new kinds of animals and new 
ecosystems to arise. Such mass extinctions, based 
upon major physical changes, are probably the most 
important factors underlying large-scale evolution¬ 
ary changes, and are explored more fully in the next 
chapter. 

Neo-Darwinian theory remains a vital back¬ 
ground for the understanding of palaeontological 
evolution. By responding flexibly to justified criti¬ 
cism and assimilating new data and concepts, it has 
grown and developed w'hile still retaining its 
integrity as a theory. It is believed by some 
(D.awkins, 1986) that the creative force of natural 
selection is adequate to explain all of the diversity of 
hfe and its evolution through time. Yet there are 
others who do not feel that this reductionist 
approach is the only possible one, and who prefer to 
study organisms as integral wholes. A new evolu¬ 
tionary paradigm may be emerging (Ho and 
Saunders, 1984). There is, for example, some evi¬ 
dence, in certain cases for the inheritance of 
acquired characters (Pollard, in Ho and Saunders, 
1984) and a plausible generic mechanism has been 
proposed. There is some support for a semantic tlie- 
ory of evolution (Barbicri, 198.S) suggesting a plu¬ 
rality of evolutionary laws resembling grammatical 
rules in language. There is a new appreciation of 
genes having their own dynamic life, and the possi¬ 
bility that genes can organize themselves indepen¬ 
dently of the environment and that organisms can 
evolve without any selection pressure (Campbell, 
1987). The new paradigm may balance exogenous 
(neo-Darwinian) against endogenous (internal) 
causes of evolutionary change. Perhaps, in 20 or 30 
years, we may be reading the fossil record in a very 
different light. 
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Major events in the 
history of life 


3.1 Introduction 


lie began on Earth over 3500 Ma ago; that is, 
irithin the first 30% of the planet's history. At this 
amc the Earth's atmosphere was reducing and 
devoid of free oxygen. Just how reducing it was is a 
nutter for debate, as is its actual composition. It may 
have consisted of CH^, NH,, H^O and H„ though 
icmative models suggest N, and CO,, with H,0, 
M variom other mixtures. Experimental work has 
Jiown that many kinds of simple organic molecules 
could bvc been synthesized abiotically from any of 
di«c gaseous mixtures, provided that a suitable 
caergs'source was present to power the reactions. In 
juticular ammo acids have been produced experi- 
BcntalK, as have at least some nucleotide bases and 
aAohydntes. all vital to the origins of living mate- 
nil. Some simple organic molecules have also been 
dBcttroscopically detected in interstellar space and 
^complex ones have been found in meteorites. 

The energy required for the synthesis of such 
■olccules was continually available in the form of 
dectrieal discharges, ultraviolet light and ionizing 
^ nduCKnis. hot spnngs, lava outpourings and solar 
farit. After several hundred million years the surface 
of the Earth was covered by an ocean, or a series 
ol ocean basins, containing a 'hot dilute soup’ of 
I oqouiic material (a classic phrase due to j.li.S. 
Haldane). The next stages in organic evolution are 
Ihs clear, since the amino acid molecules had to be 
tuoughi together and polymerized as proteins, 
Btentuillv to replicate themselves through the 
ipncy of DNA. At this point the origin of the cell, 
ibcit m a primitive form, was essential for further 
I wolution, for the cell membrane acts as a buffer 
between the living material and the outer environ- 
DKiil. and allows an enclosed internal environment 
of in own. 


Some of the early protein-like substances proba¬ 
bly polymerized in spherical bodies, such as have 
been produced cxpemnentally in conditions simu¬ 
lating those of the early Earth. These may be 
regarded as cell precursors. From these, by processes 
still poorly understood, came the earhest true organ¬ 
isms. Since the present state of knowledge of the 
origins of life and the processes of chenucal evolu¬ 
tion have been sununarized elsewhere (e.g. 
Awramik, 1982; Woese and Wdehtershaiiser, 1990), 
these will not be followed further here, nor will a 
very detailed picture be given of the later stages of 
pre-biotic and early biotic evolution which Cloud 
(1976), Schopf (1983, 1992a,b), Lippis and Signor 
(1992) and othen have treated. 


3.2 Prokaryotet and eukaryotes 


The earliest living organisms were undoubtedly 
prokaryotes: cells devoid of nuclei and with their 
DNA not arranged in chromosomes. There arc two 
main groups, the Archaebactena (halophiles, 
methanogens and thennophiles, able to live in sin¬ 
gularly hostile ano.xic conditions) and Eubacteria 
(w'hich include, amongst other groups, purple and 
green bacteria, and the living and fossil cyanobacte¬ 
ria, colloquially if incorrectly known as ‘blue-green 
algae’ (though it is legitimate to call them ‘blue- 
greens’). These Eubacteria were the first tnic photo- 
synthesizers. Frokaryotic communities can be traced 
back to about 3500 Ma, and dominated the scene 
for a long time thereafter. 

By about 2500 Ma there existed teeming com¬ 
munities of bacteria, including cyanobacteria; these 
were of many kinds and metabolized in different 
ways. Moreover, they were able to exchange 
genetic material in the way that their modcni coun¬ 
terparts do. Indeed ‘the only major fonn of genetic 
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exchange yet tti be evolved was the complicated 
kind invetited by eukaryotes' (Dyer and Obar, 

1 '■W4). 

All living <ngainsins, other than prokaryotes and 
viruses, are eukaryotic. Eukaryote cells are appre¬ 
ciably larger tlian those of prokaryotes and of a 
much higher grade of organization (Fig. 2.1). Each 
cell has a membrane-bound nucleus, within which 
reside the chromosomes, and the cytoplasm contains 
variou.s ‘organelles' specialized for sundry functions, 
including sexual reproduction. The mitochondria, 
for instance, are the sites of cell respiration, and they 
have their own DNA, distinct from that of the 
chromosomes. So ilo the cliloroplasts m the cells of 
green plants; these are strikingly similar to certain 
kinds of tfee-liviiig cyanobactena. The cilia and Ha- 
gella (collectively undulipodia) have a constant 
structure, identical in all eukaryotic cells. They have 
a central pair of contractile microfibrils, surrounded 
by a ring of nine other pairs. Such striking similari¬ 
ties, along with much other evidence, strongly sup¬ 
port the theory of endosymbiosis, which postulates 
that the organelles were once independent, free- 
living bacteria. They became incorporated succes¬ 
sively in other eukaryotic cells, and lost their 
autonomy. "The eukaryotic cell i.s therefore a 
‘community of micro-organisms’, working together 
as a ‘marriage of convenience’ (Margulis and 
McMenamin, I’lSJO). Even the acquisition of 
motility, and the complex system of mitotic and 
meiotic cell division probably arose by the invasion 
of spirochacte bacteria, which have now undergone 
such modification that only their microtubules 
remain. 

The first endosymbionts were ancestral bacteria 
which incorporated other bacteria, wore able to 
respire aerobically, and which subseciucndy became 
mitochondria. At this time free oxygen was an 
active poison for most bacteria, and not only did the 
symbiotic union of mitochondria impart an effective 
way of getting nd of it, but it also gave them a new 
way of acquiring energy. The build-up of free oxy¬ 
gen in the oceans from photosynthesis may thus 
have been the trij^er for the origin of eukaryotes, 
the timing of which can be linked to this event. It is 
probable that the nuclear membrane came into 
being at about the same time, and plastids were 
acquired in turn. It is very likely that all this took 
place rather quickly (Dyer and Obar, l'^94), 
between about 2.8 and 2.1 Ga, an hypothesis which 


can be tested against the rich fossil record of the laterf 
Precambrian. Such fossils occur in three kinds iil^ 
environment (Strother, 1989). t 

(I) Chert—carbonate facies. Prokar^'otic lifc-fomi>{' 
were first found in 1954 by studying thin sectioirf 
of the 2001) Ma old Gunfliiit chert from tiicj. 
Prec.imbrian Iron Formation of southern Ontana^ 
This work revealed a rich and diverse assemblage oA 
prokaryotes, presumably photosynthetic and pre-» 
served as three-dimensional moulds in the chen.B 
Some of these are very similar to living cyanobactc-g 
ria. Further work revealed that prokaryotes atrl 
common in Precambrian chert-carbonate lionzoiiiB 
The oldest known microfossils in chert come fronil 
the Warrawoona Group of Western Austraha show-l 
ing filamentous and coccoid structures associated® 
with probable stromatolites in cherts some .54(X) Mil 
old, and an active ecosystem must have been preset* 
then. From about 2(100 Ma ago onwards, mil 
microbiotas are often found in a typical chert- 
carbonate facies. Very rich asseniblagcs occur in the | 
later Proterozoic (e.g. the 850 Ma Bitter Spniip 
Fonnation in central Austraha). These arc domi¬ 
nated by prokaryotes, and in general tenns shed 
comparatively little light upon the time of origin ol' 
prokaryotes. One particular coccoid gciiuj. 
Cjlcnobotrydion. has attracted much attention in th* 
respect, for within each cell there is a dark spot 
originally interpreted as a nucleus (Schopf, 1968) 

If this were so, Glcnobolrydwn would be a cukaryott I 
Although the cell wall is ultrastnicturally compatibitl 
with a eukaryote affinity, other evidence may indi¬ 
cate that this organism is actually a prokaryote. The ^ 
‘nuclei’ may be no more than degradation producU 
of cellular cytoplasm. For as Knoll and Barghoiinr 
(1974) showed, the cell contents in living cyaiiobat- 
teria can contract to the centre of the cell aiterl 
death, giving a spurioas impression of being i 
nucleus. There arc some 700 known examples of 
later Precambrian chert-carbonate assemblages, ami 
although possible eukaryotes have been reported ui 
other diverse and well-preserved assemblages je.g 
the 1.2-1.4 Ma Beck Spring Dolomite in California 
(Lican, I978)|, it has recently become clear tlia 
chert—carbonate facies arc not the right place to lool 
for eukaryotes. They are equivalent, iivstead, to the 
microbial mats of today, which arc almost exclu¬ 
sively prokaryotic. These live in narrowly defined 
ecological conditions which arc often hanh enough 
to exclude euk.aryotic organisms altogether, often 
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jsociated. for example, like their Frecambriaii prc- 
dccesson, with cvaporites. 

(2) Stronutolites. Prccambrian prokar)'otes are 
olttn found associated with stromatolites. These arc 
teunateil structures built up layer by layer, nor- 
nully through the sedimeiit-biiidmg and carbonate- 
iccrenng activities of the cyanobactena which 
tbrnicd microbial mats on the surface (some ‘stro¬ 
nutolites' may actually be chemical precipitates). 
They may be flat, but are often columnar or fonn 
hciiiispherical mounds. The stromatolite record may 
be traced back to 30i)l) Ma. Stromatolites (Walter, 
1176) were the first tnie recf-fomiers, but were 
bidly affected by the rise of grazing organisms in the 
early Cambrian. The best modem examples of 
iolumnai stromatolites arc found living in hyper- 
ulinc waters in Shark Bay, Western Australia. 

(3) Shalc'-siltstone facies. Precambnan niicrofos- 
iib occur also in organic nch shales. These are .all 
icritarehs (reproductive or cncystment stages of 
eiiltanotic algal plankton). They were first reported 
bv Timofeev in 1959. The acritarchs are usually 
loiitid as flattened and folded compressions, and 
most of the earlier ones are simple spheroids. They 
cm be traced back to some 1400 Ma, from which 
tune diversity rose to some 30 taxa, about 750 Ma 

■ ipo. and some of these later acritarchs were spiny 
indofmore complex form. These were dominant 
m coastal waters. By the later Veiidian, some 630 
Ma Itr, some 70% of this rich biota had become 
atmet, a nujor event which coincided with the late 
I'recaiiibnan (Varangian) glaciation. 

When the climate amehorated there was a further 
diversification of eukaryotic plaiiktic algae, but high 
divcnity levels W'ere not reached again until well 
into the Early Cambrian. 

A coiicephon of ecological diversity in the later 
Proterozoic is given by an 801.) Ma (Riphean) 
Kqucncc in Svalbard (Knoll and Colder, 1983). 

I Here there arc three distinct assemblages. The first is 
i stronutolite-mat assemblage, with six or seven 
ftobryote genera preserved in silica; the second is a 
phnkuc assemblage dominated by large acritarchs 
living in the water column above the coastal sedi- 
mrnts. There also occurs here the much-discussed 
Qnioivtrj'dm. Third, there is t]uite different assem- 
bhge of va.sc-shapcd microfossils (VSMs), probably 
pelagic hetcrotrophic protozoans, which have 
mmed up independently in many other localities. 
While differential preservation must hmit onr view 


of late Riphean life, these microbiotas show some¬ 
thing of the diversity and evolutionary complexity 
of both prokaryotes and eukaryotes just before the 
rise of the first metazoans. All eukaryotes reproduce 
sexually, and bear the potential for rapid evolution, 
since their potential for variation, upon which nat¬ 
ural selection can act, is much higher than in 
prokaryotes. Yet this potential docs not seem to 
have been exploited immediately. The oldest 
known eukaryote, Grypaiiia, is a coiled unbranched 
filameiit up to 30 mm long, and it comes from rocks 
over 2.1 Ga old. There are likewise spherical micro¬ 
fossils from Clihia, somewhat younger, and the 
earliest eukaryotic cells known to belong to any 
modern taxon are red algae, around 1 Ga old. 

The Late Precambnan ocean can be understood 
as harbouring a dynamic and vital ecosystem of 
autotrophs (organisms that make their own food) 
and filter feeden, but with very short food 
chains. Its collapse was abrupit and the subsequent 
Cambrian ‘explosion’ of animal phyla, in a new, 
competitive and nmltitrophic ecosystem was per¬ 
haps (McMcnamin, 1989) the most decisive event 
in the history of life. 


3.3 Eorliesf metazoans 


The diversification of life which began in the later 
Proterozoic resulted, by the early Palaeozoic, in the 
estiblishment of the main groups of living organisms 
which persist today. Of the many attempts to classify 
the essential major groups or kingdoms, that of 
Whittaker (1969) and Whittaker and Margulis 
(1978) has been generally adopted and is followed 
here. These authorities suggest five major kingdoms 
as follows: (1) Monera (all prokaryotes, i.e. bacteria, 
cyanobacteria and green prokaryotic algae), (2) 
Protoctista (protozoans, nucleated algae and slime 
moulds), (3) Fungi [which cannot make their own 
food but which must live as parasites, saprophytes or 
symbionts (lichens)|, (4) Plantae (all eiikaryotic 
plants) and (5) Animalia, including the sponges 
(parazoans) and multicellular heterotrophs (mct.i- 
zoans). 

All of these were certainly established by the later 
Proterozoic. Protozoans, which may be photosyn¬ 
thetic or predatorial, remained small and evolved, 
often to elaborate fonn, within the confines of a 
single cell. They are represented in the fossil record 




58 


r 


Major events in the history of life 

by various kinds of microtbssils, such as the 
Foraniinifenda, Radiolana and C.hitinozoa. 

Animals, all of which arc multicellular, may have 
bepun as clustered aggrei'atcs of protozoans which 
remained together after cell division. One line led to 
the sponges (Clhapter 4), retaining in geticral tenns 
such an ‘aggregate’ organization, another to the 
metazoans, in wliich different parts of the body 
became specialized for different functions and in 
whicli tissues (muscle, gut, nerve, etc.) developed. 

Once the earliest mulncelliilar animals were 
established, metazoan life underwent successive 
radiations. Ot these the first was the soft-bodied 
Ediacara fauna of the late ffroterozoic, then came 
a radiation of small shelly fossils at the base of 
the Cambnan, and there followed a dramatic 
‘explosion of life’ in which calcareous algae, 
‘shelled’ protozoans, sponges and archaeocyathids, 
conodontophonds, arthropods (especially trilobites), 
pogonophorans, molluscs and echinodenns first 
made their appearance, as did many shon-lived 
‘problematic’ groups of dubious affinity. Diff'creiit 
kinds of skeletons appeared, made of both aggluti¬ 
nated and secreted material, of v.inous kinds of 
chemical composition. Although most of these early 
groups were suspension or possibly deposit feeders, 
there were some predators and an ecological balance 
was soon achieved. This ‘Cambrian explosion’ was a 
real event, and not an artefact of the record; it prob- 
.ibly lasted no more than a few million years. 

The I’roterozoic—Cambrian transition is now 
remarkably well calibrated (Knoll, 199(i), due in part 
to the recognition that carbon isotope variations of 
that time were globally synchronous. There is now a 
refined stratigraphy which along with new fossil dis¬ 
coveries have given a fresh perspective on the 
‘Cambrian explosion’ and the evolution of the earli¬ 
est metazoans. 

The base of the Cambrian (which in my scientific 
lit'etime has hovered between 50(1 and 590 Ma) 
now seems finnly fixed at 543 Ma. New records 
of possible nieuzoans, the oldest known, are dated 
from about 615 Ma, just prior to the Varangian 
Ice Age (f. 610—590 Ma), and the oldest Ediacaran 
faunas from about 575 Ma. The Early Cambrian, 
in ascending sequence compnses the Nemakit- 
Daldyiiian (543-530 Ma), the Tommotian, fol¬ 
lowed by the Adtabanian (together 53(f-525 Ma), 
then the Botomiaii and finally the Toyonian 
(together 525-520 Ma), all named after type areas in 


Siberia. The following Middle and Late Canibnai 
lasted a remarkably short time (520-505 Ma). Wid; 
this timescale in mind we can now consider the var¬ 
ious faunas in turn. 
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Ediacara fauna: two viewpoints 


Before 1947 almost nothing was known of tin 
nature of I’recambrian metazoan life. The tem 
‘Proterozoic’ coined for the later Precatnhnit 
(2500—543 M.i) was based on the understanding thj 
there were organisms (c.g. stromatolites) living theii 
but whether or not there was animal life was thej 
unknown. 

The discovery in that year of a rich and well! 
preserved fauna of soft-bodied animals in tlnl 
Ediacara Hills of South Australia (Fig. 3.1) was titij 
first acceptable faunal record from the Precainbn; 
(Claessner, 1961, 1962, 1984). 

The fossils came from a shallow marine to littoi 
sequence with ffaggy and cross-bedded s.and.ston( 
the occasional emergence of shoals is shown 
polygonal mudcracks at certain horizons. The fov 
are preserved along the intert'acc of fine argillace 
laminae and hard sandstones. Apparently the dej 
animals came to be stranded upon the tidal mudll, 
or in the bottom ot tidal pools and were preservi 
when covered by sand. The sand is of unusual tc 
ture, rather like a foundry sand, which is a factor 
this uncommon mode of preservation. 

Several thousand specimens of Ediacara fossils 
now known, belonging to some 30 gcnen| 
Traditionally they have been considered as e 
representatives of modem phyla, especially Cni 
(Cilaessner and Wade, 1966; Wade, 1972; Cllaesstii 
1984). A contrary, and admittedly heretical vie 
however, is that they are relics of a ‘failed’ cvoli 
tionary experiment, quite unrelated to any iiiodti 
organisms and ‘almost like life on another plain 
(Seilacher, 1989). 
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(b) Tribrachidium 




(c) Spriggina 


(a) Cyclomedusa 


tg) Parvancorina 


(d) Praecambridium 


(e) Dickinsonia 


(h) Charniodiscus 


(|l soft-bodied trilobite 


|)iinelids) and some peculiar organisms of unknown 
Antics. Sometimes one surtace of the fossil alone is 
^rved. but there are also composite moulds with 
tail surfaces compressed together. 

R Medusoids 

fliitcen species of jellyfish have been described. 

( ibwi'tiifi'.s is up to 125 mm across, is dome-shaped 
IJlti has a .strongly sculptured surface with large radi- 
ilvarranged lobes. Cycloiiwilusa is much smaller and 
' hta central cone with concentric rings and a wide 
fcdisc. Kimberelhi (Fig. 5.3) probably had a much (ChapU 
Miter, bell-shaped dome with distinct longitudinal ary bra 
sacs. The tentacles of Eoporpita are preserved, but behevei 
ittsculpturc of the other nine jelly h.sh genera is less 


Pennatulaceans 

(^hartiiodiscus and Pteridiiiiuni are elongated feather¬ 
shaped bodies. In Charniodiscus there is a basal disc 
with a central shaft about 150 nmi long from which 
springs primary branches at about 45° to the shaft, 
and some 20 or so secondary branches arc produced 
from each of these. Pteridinintn is somewhat similar, 
but poorly known, because of clastic deformation 
/ation. The affinities of these have 
aated, but the morphological compar- 
• with sea pens, i.e. alcyonarian corals 
ith polyps ranged along the second¬ 
are so close that they are generally 
related to this group. 





•rf 









Major events in the history of life 
Annelids 

Three species of broad, flat, bilaterally symmetrical 
‘worms’ are known, referred to as Dickinsoiiia. They 
have a thin central axis and narrow segments nomial 
to it, arranged in a ‘quilted’ pattern radi.illy around 
the front and rear. Some specimens hear gut lobes, 
but no mouth or eyes have been preserved. A close 
resemblance to tiie niodeni segmented worm 
Spinther. which lives on and cats sponges, has been 
noted, so Dickimotiiii has been considered to be an 
annelid. It differs from Spint/icr only in that the distal 
claws (parapodia) situated on the ends of the seg¬ 
ments and used for crawling are lacking. Dickitisoiiui 
specimens usually lie flat on the bedding planes, but 
some of the larger ones are dcfomied by traction, 
allowing details of the quilted structure to be clari¬ 
fied. In these, sharp creases crossing the quiltings 
show that the cuticle must have been leathery and 
flexible. Evidently the upper and lower cuticular 
surfaces were not knitted together at their outer cir¬ 
cumference but held apart by stiff, biradially 
arranged segmental septa. 

The elegant Spn^^ina has a horseshoe-shaped 
‘head’ with long projecting setae. Some 4U segments 
follow, each, according to some authorities, tcmii- 
nating in a short parapodium, .and hence it has been 
considered to be an .uinelid, with some points in 
coniinon with modern planktonic worms. 

Fossils of unknown affinities 
Praecamhridiuin is an ovoid discoidal fonn some 
.a nun long. I he 13 known specimens show' three 
or four pairs of raised lobes, seemingly arranged in 
segments, behind a horseshoe-shaped anterior part. 
Some authorities (Gl.iessner and Wade, 1971) have 
interpreted this as an arthropod with a soft, non- 
nunerahzed intcginnent. It has some resemblance to 
a trilobite protaspis or larval stage, but the analogy is 
not a close one. A similar though larger fonn, 
Vnidia. has been found in Siberia. 

P,m’aticoriutt is a shield-shaped animal up to 
2fi nun long, with a broad, anchor-like ridge on the 
upper surface and a narrow, incised rim within 
the margin. Fine striae extend obliquely' backw'ards 
from the main ridge. Some authors have suggested 
arthropodan affinities in view of a supposed resem¬ 
blance to the ‘shell’ of the little crustacean Triops, 
but this is speculative. 

TribrofliiiUiiin is discoidal with a central raised 
platfonn. Upon this three ‘amis’ radiate from the 


centre, and as they near the edge of the platfoi* 
they are sharply bent, each giving rise to a scries J 
marginal stri.ic. In many ways Tribrachidiiim Ins 
superficial similarity to the ednoastcroids (Chapi 
9), especially to a few genera which have trind 
symmetry. Some specimens seem to have a Yj 
shaped central mouth and bnstle-like appendageso 
the surface, conceivably precursors of tube feet. Tl 
possibility that this ancient fossil was a kind 
‘proto-echinodenii’ is therefore not to be disi 
garded. Some specimens of rather trilobile-l 
apipearancc have recently been recorded (|enki 
1992; Fig 3.1j) from the Ediacara Flills, at vani 
stages in growth. Might these be some kind 
soft-bodied tnlobite precursor? We await fiirtl 
evidence. 


Vendozoan hypothesis 

Seilacher (1989) rejects the view that the Ediacai 
organisms are ancestors of modern metazoan phvi 
He categorizes all these organisms as Vendoz 
arguing from the standpoint ofconstructioii.il tn 
phology. He comments that in spite of an appar 
diversity in the fauna, nearly all the genera have 
striking basic unifomiiry; they are thin and flattciidl 
round or leaf-like, and possess a ridged or qiiiltn 
upper surface. Moreover, such tonus as OiVkiiuesiB 
(Fig. 3.1 .e,f) are constnicted of biradially arranM 
hollow tubes of flexible material, open to the ou 
side. Here, as with all Ediacaran organisms, there 
no trace of a gut. Such features suggest that all thc^ 
animals fed by passive absoi-ption of dissolved fc 
and metabolites over their whole surface. If tl 
were the case, and if intem.il digestive, vascular i 
transportation systems were lacking, then these 
mals had no relationship with any modern grt 
(except. 111 feeding mode, with pogonophorai 
and even Spri_i^f;ina may be envisaged, not as a cravrl 
ing wonn, but as an upright frond, held in the 
by the ‘head’. 

If this interpretation is followed, it is piossibk 
envisage the Vendozoa as K'ing on the surface 
bacterial or cyanobacterial mats, and many may hi 
had endosymbionts within their bodies. The via 
of an endless spread of passive, flat green qiiilb 
quite appealing. Yet the ‘fall from the Garden 
Ediac.ira’ (McMcnamin. 1989; McMenanuii 
McMenamin, 1990) came abrupitly. With the 
of the first predators in the early Cambrian the 
tern of global ecology' changed from priiiui 
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alomipliic to the heterotrophic system tliat was to 
dnmiiutc until the present time. 

Fauius of Ediacaran age and type have been 
ifcotdcd from vanous parts of the workb Australia, 
Nrofbundland. Siberia, England and Wales, 
liiaidinavi.i and Namibia. They are generally of 
Mannc shallow-water ongin. The diverse Australian 
liuiu (Glacssiicr, 1984; Jenkins, 1992) dates from 
iiHHit pcrh.ips 560 Ma. A somewhat older fauna 
^ibuut 565 Ma from the Avalon Peninsula in 
Tjfewlbuiidland occurs in sediments of relatively 
Jetper-water ongin, at vanous horizons. They are 
(conib-like), bushy, spindle-shaped and 
W-shaped fbnns belonging to about 30 genera, and 
ill the traditional interpretanon might be largely 
tcffrivd to the Cnidaria, as might be expected from 
1 majp- of the faunas, but 10 of the genera are of 
I unknown affinity. There are no worm-like or trilo- 
hlc-like fomis present. The fossiliferous Charnian 
iftks of central England are now known to be of 
sniilar age to the lower Avalon suite and like them 
•■imtain abundant specimens of the long-ranged 
ptmis Oimioiliscih. 

Until recently there seemed to be a substantial 
ppbetw'een the last Ediacaran fauna and the base of 
llu Catnbrian, rcinforcing Seilacher’s concept of an 
wked first experiment’, which died out long 
lictiia- die Cambrian began. Hut there is no longer a 
lonporal gap between the youngest Ediacaran fauna 
ad the first small shelly fossils; this is purely a 
pmrrs'ational artefact. In Namibia (Grotzinger ef 
i,1995) there has been described a richly fossilifer- 
uw lequence with an abundant Eiliacara fiiiina, 
c^cdally Pteridiuium. Several tuffs within the 
lequcncc provide reliable U-Pb dates, and the 
Wungeiit Namibian Ediacara-type assemblage 
aiciids right up to the base of the Cambrian (543 
Mj! and is contemporaneous with the first small 
idly fossil assemblages. If the Middle Cambrian 
Ikwupti/a/i from the burgess Shale, which closely 
iBtiiibles Chamiodiscus (Conway Morris, 1993) is 
dy an Ediac.iran survivor, and if more is known 
jkuut the ‘soft-bodied trilobites' mentioned by 
jnkins (1992) from the Ediacara Hills, then the dis- 
aiitiiin between at least some of the Ediacanm taxa 
nd Cambrian faunas becomes less clear. This is sus- 
Dmcd by Seilacher's (1992) comments on the curi¬ 
um Ediacaran Psammocorallia which seem to have 
been tnie anthozoan polyps, i.c. ‘sand corals’ with 
•kdetons fonned by sand grams which entered the 


gastric cavity and lodged within the mesogloca 
(Chapter 5). This would give some rigidity and 
would anchor the coral in the substrate. Neverthe¬ 
less the body plans of most Ediacaran organisms 
arc very different from those of other metazoans, 
and there remains much support tor Seilacher’s 
Vendozoan hypothesis. 

The Ediacaran fauna ranges throughout much of 
the Vendian, a time span of some 4(1 Ma, and the 
diversity of types increases through time. There is 
only one undoubted skcletalized fossil of similar age, 
the pipe-like annulated calcareous tube known 
as Cloiiditia, which can be up to 4 cm long; in 
Nanubia these tubes are so abundant, along with 
undescribed goblet-shaped microfos.sils, as to fonn 
bioclastic sheets. By the end of the Vendian, a few 
small shelly fossils are present {Anabarilcs and 
Cambrotiiluiliis), presaging their dramatic expansion 
in the early Cambrian. 


Small shelly fossils 

In recent years rich and varied faunas of small shelly 
fossils (SSFs; Figs 3.2, 3.3) have been documented 
from the base of the Cambrian and just into the 
Precambrian (e.g. Matthews and Missarzhevsky, 1975; 
Kaaben, 1981; Rozanov and Zhuravlev, 1992). 

The best-known sequences come from the 
Siberian Platform, where late Precambrian calcare¬ 
ous beds with dolomitic, oolitic and stromatolitic 
horizons arc overlain by early Cambrian sediments. 

The Tomrnotian stage does not contain trilobites 
but has archaeocyathids and abundant SSFs, many 
with phosphatic shells. Some of these (e.g. Aldaiudla) 
are helically coiled gastropods; there are also 
hyolithids (an extinct molluscan group) and com¬ 
mon sponge spicules. Tomrnotian faunas are replete 
with short-lived problematic groups of which two 
are of most interest: the hyolithelininthids (lami¬ 
nated phosphatic tubes open at both ends) and tom- 
motiids (phosphatic conoid.al shells usually 
occurring in symmetrical pairs). These latter have 
been compared with plates of barnacles (cirripede 
crustaceans), though they are phosphatic rather than 
calcareous. If so, it would suggest a very early origin 
for these crustaceans. The resemblances, however, 
are only superficial, and the tomrnotiids probably 
belong to an extinct phylum (Bengtson, 1977). 
Some of these microfossils may actually be 
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(b) Aldanella 


(c) Tommotia 


(d) Anabarites 


(a) Fomitchella 


(e) Protohei 


(g) Coraospira 


(h) Chancelloria 


(j) Yochelcionella 


(f) Lapworthella 


(k) Chancelli 


(ml Mobergella 


(I) Cambroclavus 


(n) Canopoconus 


(o) orthid brachiopod 


Figure 3.2 Latest Precambrian {Anabarites) and earliest Cambrian (others) small, shelly fossils, (a) Fom/teW/o (x 40); (b) Aldond 
(x 20); (c)rommoh'o in obverse and reverse views (xl5); (d) Anabarites (xl5); (e) Protoherzina (x15); (f) Lapworthella (x 20), J 
Coreospira (x 20); (h) Chancelloria (x 30); (j) Voc/ie/cione/fa daleki (x 8); (k) Chancelloria ramifundus (x 30); (I) Combrocioii 
(x 50); (m) Mobergella |x 5); (n) Canopoconus (x 50); (o) orthid brachiopod (x10). (Mainly redrawn from Rozanov and Zhuravll 
1992; others from Qian Yi and Bengtson, 1989; Bengtson et al., 1990.) 


components oi larger organisms. Thus small plates 
and spines with a net-like ornament (Microdklyon) 
have now been shown to be part of the aniiour of a 
large slug-like form (Chapter 12). 

An exceptionally complete and important section 
through the latest Precambrian and early Cambrian 
has been described from Meishucun in Yuntiam, 
China (Qian Yi and Bengtson, 1989). Within the 
Meishucunian stage, directly equivalent to the 
Tommotian, three chronozones and eight subzones 
have been erected on the basis of SSFs alone. The 
first trilobites do not appear until the overlying 
Qicinzhusian stage. The abundance of trace fossils 
and acritarchs make this an ideal section for studying 
the sequence of early Cambrian events, and a candi¬ 
date for the Precambrian—Cambrian global bound¬ 
ary stratotype. 


Similar fos.sils of Tommotian age (Bengtson etd^ 
1990) are known from Australia, England ad 
Scandinavia. Many of the species continue well K 
into the Lower Cambrian, where they are foud 
with trilobites. By contrast, there are relatively I'fl 
microfossils in the latest Precambrian stage: thi 
Yudoniian. There are only a few small tubull 
organisms, e.g. Aitaharites, a pho.sphatic tubfl 
Cloudina, an annulated calcareous tube, ad 
Sabcllidites, an organic-walled tube, thought to Ik 
the skeleton of a pogonophoran (a simple un.sqj! 
mented ‘womi’ that has no gut but absorbs dissolve! 
organic matter over its surface). 

In the type area in southeastern Siberia and claj 
where, the Tommotian rests unconfonnably on liu 
late Precambrian Yudoniian, and the NeniakiK 
Daldynian stage is missing. Since, in the Tommotiin 



Earliest metazoans 63 



^ 3.3 (a) Archaeospira ornata (x 35); (b) Lapworthella 
Bcniloto (x 70); (c) Maikhanella pristinis (x 35); (d) 
ft^ponociii/Bs dllatatus (x 35), (e) Scoponodus renushis (x 35). 
fWogroplis reprcxJuced by courtesy or Dr Stefan Bengtson.) 

fib appear cn masse, t)ic impression is given tliat 
ilxir origin was very abnipt. Kecent discoveries in 
Wheastern Siberia, liowever (Knoll, 1996; 
j faAunn et al., 1996) record a continuous succes- 
* 1(1 witli the basal Cambrian Ncmakit-l^aldynian 
or testing confonnably on the Yudomian bound- 
I n Hta-c we see SSFs appearing sequentially and 
avosifymg through a period some 3-6 Ma long, and 
jieprat divemty of SSFs in the Tommotian is only 
■emlmination of a long evolution. Accordingly, the 
onpiiofSSFs was a stepwise process, and the cvolu- 
aairn' burst thercot a much less dramatic event than 
iftnnerly seemed to be. 


Precambrian trace fossils 

The earliest appearance of trace fossils may help to 
date the origins and initial radiation of the meta¬ 
zoans more readily than do the soft-bodied organ¬ 
isms themselves, with their limited prospects of 
preservation. 

Trace fossils, however, do not extend far back 
into the Proterozoic. The oldest so fir described, 
which at first seemed to be the burrow of a worm¬ 
like organism in rocks 1000 Ma old, is now believed 
to be a tennite burrow. Trace fossils achieved some 
degree of diversity in the Vendian, and their makers 
flourished in shallow seas with sandy floors (Crimes, 
1992a,b). There are scattered records of trace fossils 
in rocks of over 750 Ma, but trace fossils do not 
become abundant or diverse until near the 
Precambrian—Cambrian boundary. 

Most of the early trace fossils probably resulted 
from the burrow'ing activities of soft-bodied infui- 
nal worms, but the number of types represented 
increased greatly in the uppenuost Vendian; hori¬ 
zontal sinuous feeding burrows, surface trails, resting 
marks and vertical pipes are not uncommon some 
little distance below the Precambrian-Cambrian 
boundary. It is not always easy, however, to date 
these in absolute tenns, nor is it clear what kinds of 
animals made them. 

However, m many sequences traces of a kind 
normally attributable to trilobitc resting traces 
(Rusophyais) appear some considerable stratigraphi- 
cal distance below the trilobites themselves. They 
are mainly simple fonns with paired chevron-like 
markings, evidently the scratch marks of the 
appendages. They may have been made by late 
Precambrian trilobitc precursors with thin, non- 
mineralized shells, propelled by ‘a simple muscula¬ 
ture of low efficiency’ (Crimes, 1976). 

In general, trace fossils arc more common than 
body fossils in the later Precambrian, and while they 
go further back in time they do not take the pre¬ 
sumed origin of motile metazoans very fir back into 
the Precambrian, certainly no more than 1000 Ma 
before the present time and probably much less. The 
first good trace fossils postdate the widespread late 
Precambrian glaciation. Following the first Vendian 
diversification, a second radiation of trace fossils 
took place in the Tommotian/Adtabanian, and 
three trace fossil biozoncs have been established for 
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this interval. Curiously, there was very little change 
in the trace fossil biota for the rest ot the Lower 
Palaeozoic, other than a possible migration of some 
types into deeper water. 

Causes of the Cambrian 'explosion 
of life' 

The proliferation ot skeletalized fossils in the Early 
Cambrian was a real phenomenon and not an arte¬ 
fact of the geological record. Tlie appearance of the 
main invertebrate phyla was phased through some 
3(.)-40 Ma, but it was a critical tuniing point in the 
history of life. But can we establish why it hap¬ 
pened? Specifically, did changes in external factors 
drive it? Or was it merely that life had reached a par¬ 
ticular evolutionary threshold? Quite evidently, 
both physicochemical and biological factors were 
involved, together forcing the most dramatic event 
in the history of life. 

Physicochemical factors 

During the Vendian and Early Cambrian there were 
major changes in atmospheric composition, ocean 
chemistry, plate tectonic activity and climate. To 
begin with there was a slow build-up ot free atmos¬ 
pheric oxygen as a result ot photosynthesis which 
evidently attained a level sufficient to support 
animal life (Rhoads and Morse, 1971), and likewise 
a decrease in the concentration of CO, in the 
atmosphere (Tucker. 1992). There is still much 
doubt, however, as to how much free was actu¬ 
ally present in the Proterozoic - there may in fact 
have been a fair amount (McMenamin and 
McMenaniin, 1990). Other factors include a world¬ 
wide scries of marine transgressions, the first follow¬ 
ing the Varangian glaciation, successively Hooding 
the continental shelves and opening up new 
shallow-water ecological niches. Most ot the conti¬ 
nental masses at that time lay in low latitudes, and 
the warming, shallow shelt seas were ripe for colo¬ 
nization. It has been suggested (Brasier, 1979, 
I992a-c) that evolutionary' patterns of diversifica¬ 
tion may be linked with successive stages of Hooding 
of the shelves. Likewise, the availability ot extra 
food, especially phytopLinkton, may be related to a 
major periods of iipwelling. This latter hypothesis 
seems to be borne out by the remarkable syn- 
chroneity of large phosphorite deposits, on a global 


scale, clustered around the Precambrian-Cambrian I 
boundary (Cook and Shergold, 1984; C.ook, 1992) I 
It is likely that during the later Prccambrian, phos-l 
phonis-ricb sediments accumulated on the decp-l 
ocean Hoor as this clement was depleted from 
surface waters. Dunng an extended period d 
enhanced oceanic overturn, in the earliest Cambnar 
(and possibly associated with the marine transgrev 
sion) phosphorus was brought up to surface watfn 
to give increased nutrient levels in the photic zone 
Phosphorus is essential to life and this event nuY 
have provided the trigger for the sudden diversitici- 
tion of living organisms (as well as the accumulation 
of phosphorites on the sea floor). It is significant thai 
many early Cambrian organisms (e.g. elements of 
the Tommotian fauna, and linguliform brachiopodij 
have shells of calcium phosphate, which was very 
abundant at the time. High phosphorus level 
inhibit calcification in living organisms, which mat 
explain why calcareous skeletons did not appeal 
commonly in the fossil record until later, when tht 
early Cambrian phosphogenic event was largely 
over. 

The spread of nutrient-ennehed waters over low- 
latitude shelves, as recorded in C-isotope fluctu> 
tions (Brasier, 1992a-c), may well be linked to i 
global rise in temperature as the Earth emerged from 
a late Precambrian ‘icehouse’ to the ‘greenhoiw 
phase of the later Cambrian. 

Finally, there were certainly four, probably syts 
chronous, events of global regression and cinim 
gence dunng the time in question. The first, tk 
Kotlinian crisis, marked the end ot the Proterozoic 
and the virtual demise of the Ediacara fauna. Tk 
last, the Toyonian crisis of the latest early Cambria 
IS synchronous with the end of the SSF radiatio* 
The effects of these several crises are currently a sub 
jeet of detailed study. 

Biological factors 

The most familiar representatives of the cart 
Cambrian fauna are trilobites, archaeocyathids, ca 
tain primitive molluscs, small brachiopods (chicfl 
with phosphatic shells) and the earliest echinodem 
(edrioastcroids, helicoplacoids and others). Sonien 
these are found in a few isolated localities alone an 
did not spread until later; others are widesprea 
from the start. The archaeocyathids, for instaiia 
appeared first and spread from their Siberian cciiB 
of origin to other parts of the world, only to becora 
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wnully extinct by the end of the Toyonian. More 
ihn my other group, they dramatically chart the 
n« and decline ot the Early Cambrian biota. While 
BKemporaneous phosphatic-shelled SSFs prolifer- 
<(ii and diversified, reaching their acme in the 
Tanmotiaii. the first trilobites, echinoderms and 
techiopods did not appear until the Adtabaman. 
Tliere occur, too, a good number of peculiar and 
pobleiiiatic fossils, often geographically very local- 
wi All of these appear very abruptly and are hilly 
aprnted and differentiated on their first appear- 
fflcc, which at first sight may seem difficult to 
VicTstaiid. 

There are two factors by which the very abrupt 
appearance of these early fossils ran be explained. 
One 15 diat evolution at this time was very rapid, 
ftthaps due in part to intense selection pressures 
npenting at that time. The second point is that the 
iquBitioii of hard shells as opposed to merely an 
lunmneralized integument must have brought the 
heaters thereof to a 'fossilization threshold’, a poten- 
^ not available even to their immediate ancestors. 
Dunigh the mineralized shell which made fos.siliza- 
wn possible must have been acquired in all the 
ti»vt groups over a period of a few million years - 
itwjs spread out in other taxa throughout the rest of 
IK Cambrian and the early Ordovician. But how 
W a mineralized external covering originate in the 
m instance? One suggestion (Glaessner, 1962) is 
ilaithc calcareous or phosphatic material of which 
It II composed originated as an excretory product, 
jMfiiblv acciimulating over the skin and hardening 
It. Once it was formed quite accidentally, the pos- 
nssitiii ot a shell which could be used as a base for 
nusdc attachment (giving enhanced locomotory 
ntnpecK) and as a protection would give a singular 
dative adv.intagc to the animal possessing it. Any 
invertebrates with hard coveniigs fonned in such a 
ny would then have great potential for evolution- 
0 development. Moreover, once hard mouthparts 
lid originated, the selection pressure on other phyla 
S'develop hard coverings for protection would be 
ngnificandy increased. 

Eukaryotic cells in general are able to pump ions 
ud produce protein matrices capable of mineraliz- 
«(!, They are already pre-adapted for the processes 
flfbioniineralization (Simkiss, 1989), but they did 
iBl realize their full mineralizing potential until 
Bttazoaii cellular systems were well differentiated, 
iftcializcd organs had originated and extensive sur¬ 


faces for crystal growth had become available. The 
incorporation of the citric acid cycle into the cellu¬ 
lar metabolism of many organisms provided a vast 
increase in available energy for biomineralization. 

Something of the vast diversity that life had 
reached by Atdabanian times is shown by the 
Chengjiang ‘window’ (Chapter 12). So diverse and 
‘advanced’ is tliis fauna that it would seem to signify 
either (1) extremely rapid evolution of most types of 
animals in the early C^ambrian or (2) an origin for 
ccolomatcs (animals with an internal cavity in 
which the gut is suspended) some time before the 
Precambnan-Cambrian bouncLiry. It is highly prob¬ 
able that both factors were involved. 

Biological evidence on metaxoan 

relationships 

There are sever.al levels or grades of organization in 
multicellular animals living today, the comparative 
study of which sheds light upon the probable course 
of their evolution (e.g. Clark, 1979; Willmer, 199tl; 
Nielsen, 199.S: Gee, 1996). 

Undoubtedly the earliest multicellular animals 
were aggregates of protozoans, loosely integrated 
but with cells all of the one kind. Some of today’s 
simplest sponges would serve as models for this 
grade. Sponges (q.v.), however, developed along 
their own evolutionary pathway and arc not really 
metazoans. 

All other multicellular organisms have their cells 
organized into tissues, i.c. cell layers or masses spe¬ 
cialized for different functions, and it is this that 
defines the metazoans proper. 

In the simplest metazoan grade, represented by 
Phylum Ciiidaria, the organization is diploblastic; 
chat is, the body wall consists of two layers: an ecto¬ 
derm and an endoderm (Fig. 3.4a). 

These together form the bag-like body which 
encloses a single cavity, serving as a gut. with a sin¬ 
gle opening which acts as both mouth and anus. 

The next level, which includes .all higher types of 
animals, is the triploblastic grade. In this condition 
there is a third layer, tlie mesoderm, sandwiched 
between the endoderm and the ectoderm. In its 
most rudimentary fonn, as represented by the 
unsegmented flarwomis (the Platyhelminthes), 
the body is bilaterally symmetrical and the ineso- 
denn forms a more or less solid mass of tissue 
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(a) 



mesenchyme 




Figure 3.4 Grades of organization in metazoans: (a) 
diploblastic, (b) acoelomate triploblastic and (c| coelomate 
triploblastic. 


(mesenchyme) between the endoderm and the ecto¬ 
derm (Fijr. 3.4b). The endodenn forms the gut, the 
ectoderm the outer skin. In all other invertebrates, 
as well as in the vertebrates, the mesoderm forms a 
lining to the ectoderm and overhes the endodcrmal 
gut also, enclosing a fluid-filled cavity known as the 
coelom (Fig. 3.4c). The gut lies freely wnthin the 
coelom, and since it may be looped or coiled it docs 


not have to follow the contours of the ectoderm 
The coelom may have functioned primitively as; 
hydrostatic skeleton (the contained fluid givin 
some rigidity), and this function is retained in th 
annelid wonns. These move by waves of contrac¬ 
tions running forwards from the rear. Each con¬ 
traction forces the incompressible fluid forwards n 
the direction of movenicnt, and it is against the flui 
Itself that the muscles contract. Many other ii.« 
have been found for the coelom in higher anirnak 
especially as a space for storage of internal organ 
and materials. The development of the varion 
organs in animals can be followed in embryology 
Organs of ectodemial origin include the skin am 
nervous system, most of the gut and some .associaia 
organs are endodennal, while respiratory and exoo 
tory organs and all muscles are mesodermal. 

What can be established about the relationslup 
between the main invertebrate phyla? The loss 
record is of little value here since the phyla, « 
which at least 32 are already defined on their fii* 
appearance. It should be possible to establish how 
the phyla themselves are grouped in terms ot com 
nion ancestry in ‘mega-groups’ or ‘superphyla’. 

Those schemes that have been drawn up ait 
highly variable. Some authors favour a more-or-la 
orderly progression from simple to advanced organ¬ 
isms. Rather more envisage some kind ol trce-liiu 
pattern, with dichotomous branchings, others agan 
envisage a polyphyletic ongin for most invertn 
brates, the vanous phyla or superphyla being derivfl 
independently from protistan ancestors. The prols 
1cm, as Willmer (1990) puts it, is ‘attempting m 
reconstruct a tree with evidence only from the itim 
recent leaves and a few twigs”. 

The likely ancestor of later groups (itself denve 
from a protozoan precursor) is considered to hav( 
been a ‘planula’, a small, ciliated, ovoid mass of soli 
cells, floating in the sea. From this were indepen 
dently derived cnidanans, ctenophores and possiW) 
sponges. The next stage was the origin of acoclo- 
mate flatwonns likewise originating, probably sev¬ 
eral times over, from a planula-type ancestor. Tha 
probably had solid mesenchyme and may well haw 
resembled living platyhelminth flatworms. The* 
gave rise, again perhaps polyphyletically, to thi 
coelomates. 

Two coelomate ‘superphyla’ arc traditionall) 
agreed as distinct, on cmbryological grounds, tliouyU 
some authorities claim that the apparent ditFcrenta 
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ttc Ins dear than they might appear. These are the 
Protostoniia (annelids, molluscs and arthropods) 
«d the Dcuterostomia (chordates, echinodemis 
indatcw minor phyla). In Protostomia (1) the early 
ifljuciii'e of cell division (cleavage), follows a spiral 
cwiiw and the fate of each cell is detennined from an 
«tly stage, (2) when the embryo has reached the 
'Hisnilj’ stage, to become a hollow hall of cells, it 
ins-agniates to form a double-walled sphere with a 
iHik' at one end. This point of invagmariou becomes 
liw iiioutli (protostomy); (3) the coelom arises by 
dmiK'oely, i.e. by the mesodenn splitdiig to pri'i- 
Aiif a eoflomic cavity; and (4) the .swimming, cili- 
iIhI larva is a trochophore. In the Dcuterostomia on 
ih iitlicr hand (1) cleavage follows a radial pattern 
«il liu' fate of each cell remains flexible for a long 
tiiiit, (2) the point of invagination in the blastula 
twomn the anus and the mouth develops separately 
iiLutfrnstomy); (3) the coelom arises by ciitcrocoely, 
u. aonvaginated pouches from the intestine; and (4) 
ititlarvana ‘toniari.i'. 

lAiiintroversial view of the use of larvae as indi- 
lUon at relationship, however, has been put for- 
winl liy Wilhanison (1^92). Radially symmetncally 
diiniHlcnii .idults h.ave bilaterally symmetrical lar- 
VK Wliv should this be so? Other incongruities 
hi'Ai'iii larvae and adults abound. Williamson 
fvji'tiinentally fertilized eggs belonging to ascidi.ins 
Wiqiuns) with the spenii of cchinoids; these are 
Jisuiiily related groups. Some of these matured 
tv bvumie .ipparently nonnal .sea-urchin larvae 
ipliiKi), .iiid a few survived as adult sea urchins. 
Jiith rxpenments led Williamson to conclude that 
ilifwllomi can be transferred from one animal to 
urn Jiiiaiilly related one by cross-ferrilization’. If 
' aKli'i'd pos.sible, through naturally occurring 
ir.fridizaiion, for one kind of marine invertebrate 
10 iii|,id' the larval form of another, and that 
W mialgamation ot different kinds of organisms 
MmIIv occiirred in the past, then the importance 
urvae as phylogenetic indicators is much 
JMwmhi'd.j 

IfMin the deutcrostomes a separate ‘lophophor- 
il' lupcrjiliyluiii can be distinguished, including 
ii Itrachiopoda and Btyozoa, and the small 
'Minus' known as Plioronida. These all have the 
jiiK kind of food-gatheniig apparatus, knovsui as 
Q; lophuphorc. None of these phyla arc seg- 
Dmtcd hut they could have been derived from an 
Jinul Willi a very few segments. 


Many authorities believe that the proto- .and 
deutcrostomes were derived independently from 
an acoclomatc ‘platyhclminth’. Bcrgstrftm (1989, 
1997), however, considers rhat deutcrostomes were 
derived from protostomes by loosening develop¬ 
mental constraints; they arc not really very fiir differ¬ 
ent. He envisages a stem group of metazoans, about 
the platyhelminth grade, which was pscudo- 
segmented and with a true mouth and anus, creep¬ 
ing along on a ciliated locornotory sole. These, 
the Phylum Prococlomata, inhabited the later 
Proterozoic shallow seas, their larval stage being a 
trochophore. 

They gave rise directly to MoUusca which retain 
many protostomian characters and variously to the 
many phyla that differentiated during the Cambrian 
radiation. Tommotiids and maebaeridians could 
be prococlomatcs that developed external 'scales’ 
and survived into the Palaeozoic. Willmcr (1990) 
presents a slightly different view in her exhaustive 
review of invertebrate relationships, envis.iging a 
great proliferation of coelomates in the early 
Cambrian, mdependendy derived from acoelomate 
‘platyhehumths’ and, although superphyla such as 
the protostomc lophophorates can be distinguished, 
the overall impression is one of dramatic polyphyly, 
the majority of metazoan phyla being derived 
independently from an ancestral stock. The quite 
remarkable diversity of the Middle Cambrian 
Burgess Shale, British Columbia (Chapter 12), 
which includes many anim.rls impossible to place in 
modem groups, lends fiirther support to a poly- 
phyletic origin for the coelomates. 

The advent of molecular genetics on the one 
hand and cladistic methodology on the other has 
revivified the age-old debate on memoan relation¬ 
ships. While much of this is beyond the scope of the 
present text, the following works give something of 
the ri,wour of the modem debate. Raffs (1996) 
synthesis of palaeontological data with dcvclopnien- 
t.il genetics puts spcci.il emphasis on the role of 
regulatory genes. Likewise D,avidson et ill. (1995) 
explore the origin of bilateral body plans in terms of 
developmental regulatory mechanisms. Gee’s (1996) 
analysis of the origins of deutcrostomes (echino¬ 
demis and chordates) relics greatly on cladistic 
methods, as docs Nielsen’s (1995) survey of rela¬ 
tionships within the anim.'il kingdom. Moore and 
Willmcr (1997), on the other hand, believe conver¬ 
gent evolution to be so widespread that cladistic 
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analysis based on parsimony (the choice of the sim¬ 
plest cladogram) will minimize and actually conceal 
convergence, leading to false results. They bcheve 
that the evaluation of morphological characters, 
coupled with molecular data, is the best way for¬ 
ward. The debate will evidently continue for a very 
long time. 

It is possible that the earliest metazoans inhabited 
the meiobenthos, that is the poorly oxygenated 
sulphide-rich layer just below the surface of many 
marine sediments. Whereas the meiobenthos today 
has been invaded by some secondarily adapted ben¬ 
thos, at least some ot its present-day small organisms 
(protistans and metazoans) might well be the relics 
of onginal Precambrian metazoan fauna, which 
onginatcd in the sulphide-rich layers, and some of 
which invaded the o.xygenated layers above as the 
progenitors of the later true benthos. If this were the 
case, then the early evolution of small metazoans 
might well have begun long before the beginning of 
the Cambrian. Unfortunately such meiobenthos is 
most unlikely to be fossilized and this we shall never 
know. 


3.4 Major feolures of the 
Phoneroxoic re<ord 


Diversification of invertebrate life 


Once the major groups of invertebrates were estab¬ 
lished they were able to expand and differentiate, 
though their relative dominance has fluctuated 
significantly though time. The great Cambrian 
“explosion’ gave rise to many groups which were 
short-lived, but those phyla which survived the 
Cambnau have continued to the present day. Taxa 
of lesser rank have generally shorter time ranges. 
From most groups it has been possible to work out 
some of the details of their phylogeny, depending 
on how complete their fossil record is. To some 
extent, through functional studies, it is also possible 
to understand something of the biological quality of 
the fossil organisms even if these are of great antiq¬ 
uity, and it is very clear that even from the begin¬ 
ning of the fossil record invertebrate life was highly 
organized and well adapted, even if some ot the later 
representatives of a stock apparently ‘improved’ on 
the earlier ones. 


Trilobites, for example, which have been extii 
for some 250 Ma, were undoubtedly highly fu 
tional invertebrates, as is witnessed by the comp 
morphology of their eyes and other environmci 
sensors. In a sense they could be described as pn 
itive’, since their appendages arc undiffcrentiat 
and they lack some of the elaborations of w' 
arthropod groups. The term ‘primitive’, however 
should not be construed as meaning biologic ' 
inferior or ill-adapted, for though in an evolunona 
sense they were unable to escape from the linii 
tions of being trilobites they were able to adapt 
many speciahzed niches and were amongst the 
successful life forms of their time. 

In trilobites, as in all of the invertebrate fi 
groups studied here, once the thematic pattern 
organization of each taxon was established it ten 
to remain very conservative. Thus, within any pb 
lum each hierarchical level of organization car ' 
related to an archetypal pattern of construction 
heritage which though highly functional was at lia 
same tmie confining and restrictive. Every ard# 
typal pattern, however much evolutionary plasridl 
was possible within it, remained an archetype for I 
the phylum. At taxonomic levels lower than tli 
phylum, new kinds ot animals could sonictiiw 
originate, breaking away from the frmctional systa 
of their ancestors but immediately setting up nrt 
archetypes, which were likewise confining 
which allowed, within certain limits, all nianncr 
new evolutionary possibilities. 

The molluscs, one ot the most diverse of 
invertebrate phyla, show very well how the po 
rial inherent in a single archetypal plan was reali; 
A hypothetical ‘archimollusc’ (sec Fig. 8.1) hi# 
single shell covering the mass of viscera, a raspi 
mouth and a posterior cavity in which the 
were located. From this at least six new 
independent groups emerged. Some, such as 
monoplacophorans and polyplacophorans. rcniai 
quite close to the ancestral type; others - li 
bivalves, gastropods, scaphopods and most ot all 
cephalopods - diverged away in various dc 
and became adapted to vanous habitats and 
of life. Each of these classes had an archetj' 
‘master plan’ in which all the teaturcs of the an 
mollusc were present, though modified, added 
and altered in a particular functional combiiia 
allowing in each case a focus for new evolutio 
potential. 
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molluscs, inarticulate brachiopods and others that 
were the progenitors of long-lived stocks, there 
were many short-lived, often geographically local¬ 
ized and frequently bizarre forms which cannot be 
related to any other groups, but which must be clas¬ 
sified as extinct phyla. It was a time during which 
many independent lineages onginated, but only 
some of which survived (Stanley, 1976), for as pre¬ 
viously noted there were many more body plans in 
the early Palaeozoic than thereafter. 

The rapid diversification of metazoans around the 
beginning of the Cambrian was a real evolutionary 
phenomenon, and the appearance of mineralized 
exoskeletons was only one aspect of this diversifica¬ 
tion (Stanley, 1976; Bengtson, 1977). There was 
surely an equivalent radiation of soft-bodied animals 
at phylum level and, although most traces of these 
have been lost, there are indeed a few isolated 
occurrences. For example, some curious soft-bodied 
pentameral organisms up to 10 cm in diameter and 
known only from a single bedding plane in the 
Scottish Highlands (Campbell and Paul, 1983) may 
have echinoderm aflinitics, but are more likely to 
belong to an unknown phylum. Similarly, organ¬ 
isms which foniicd their shells by agglutinating par¬ 
ticles together are found for the first time in the 
Lower Cambrian. 

The genus Salterella, for example, of Lower 
Cambrian age, is a smaU, conical fossil with its walls 
diverging at some 20° and with a central tapering 
bore. The walls consist of small agglutinated grains 
arranged in nested conical layers, each of which 
makes an angle of about 45° to the axis. Saherella 
bears a superficial resemblance to cephalopods 
with which it was originally confiiscd, but it is 
now referred to the extinct, short-lived phylum 
Agniata (Yochelson, 1977, 1983). Salterella is wide¬ 
spread, ranging through much of North America, 
and is found also in the Northwest Highlands of 
Scotland. 

Many of the ‘small shelly fossils' (Fig. 3.2) from 
the Tommotian arc of problematic origin. Some 
may well have been parts of larger organisms. 
Bengtson (1968, 1977; Qian and Bengtson, 1989). 
For c.xamplc, the round, discoidal shell Moher^ella, 
known from Scandinavia, carries some seven pairs 
of markings (which may be cither elevations or 
depressions) in its concave inner surface (Fig. 3.5). 

These may have been muscle attachments, and 
one might envisage the animal as a limpet-like crea- 



(b) 



Figure 3.5 Mobergella, on enigmatic Lower Cambrian losilr 
from Sweden: (a) young stage with convex inner surface; Ibl 
older example with concave inner surfoce (x15). (Photogrophi* 
reproduced courtesy of Dr Stefan Bengtson.) E 


turc, protected by the shell. Small specimens ofsudfi 
a shell could not have afforded any protection to loA 
bearer unless it was a biirrowcr. Likewise, the snulll 
button-shaped lu'iiargyrion, some 0.45 mm in diaii* 
eter and consisting of a dense tuberculated lappuiA 
over a porous core, is of unknown affinity. MigbsB 
these have been dermal sclerites — a kind of bodtB 
annour of an extinct group? For the moment, anfl 
perhaps indefinitely, our knowledge of many oA 
these bizarre, early Cambrian ‘Problematica' niutl 
remain tantalizingly incomplete. ■ 
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Major features of the Phanerozoic record 



feire 3.6 The three successive, but overlapping marine evolutionary faurvas (e.f.| of the Palaeozoic. Cambrian e.f., block; 
Woeozoic e.r., crosses; McxJern e.f., clear. (Based on Sepkoski, 1990.) 


Marine evolutionary faunas (Fig. 3.6) 

The Ediacara fauna of ‘vendozoans’ and die 
Tommotian tauna ot small shelly fossils and archaeo- 
cyjthids record distinct early episodes in the history 
oftnanne life. Following this, and from the early 
Citnbnan onwards, there has been a continual relay 
oliaccessivc invertebrate faunas, punctuated by a 
lenes ot extinction periods of greater or lesser eftcct. 
Th« Phanerozoic record can be resolved into three 
;f«ccssive ‘evolutionary faunas’ (Sepkoski, 1984, 
IVDli). These arc the Cambrian, Palaeozoic and 
Modem evolutionary faunas; their component ele- 
Bn 1 ^ seem to diversity rapidly and to decline 
dwviy together, and they share other characteristics 
loo. Each evolurionary fauna is not seen therefore as 
anply composed of randomly associated taxa, but 
Ineffectively linked in some way. 

The Cambrian evolutionary fauna is dominated 
H'trilobites, along with inarticulated brachiopods, 
hyolithids, monoplacophorans and early echino- 
ilcniB. and the soft-bodied or organic shelled 


Burgess Shale animals belong here too. This evolu¬ 
tionary fauna diversified rapidly and its members 
were generalized deposit feeders and grazers. It 
began to decline in the Ordovician and became pro¬ 
gressively restricted to deep-water environments. 
By the Permian it had all but vanished, apart from 
inarticulated brachiopods and monoplacophorans 
which survive until today. 

Meanwhile the Palaeozoic evolutionary fauna 
had arisen with an ‘explosion’ of calcareous-shelled 
invertebrates in the early Ordovician. Khyncho- 
nelhform brachiopods, corals, molluscs, bryozoans 
and echinoderms rapidly diversified, new trilobite 
families arose and graptolites with collagen skeletons 
dominated the plankton. Much of the benthos 
consisted of cpifaunal suspension feeders, with 
more complex levels of ecological tiering than the 
Cambrian faunas had shown. The Ordovician radia¬ 
tion of tliis evolutionary fauna established the pat¬ 
tern of invertebrate life on the continental shelves at 
least until the end of the Permian (despite sharp 
changes at the end of the Ordovician and in the late 
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Devonian). Altliougli tlie Palaeozoic fauna was 
severely affected by the end-Fcmiian extinction 
event, many representative families survived 
through the Mesozoic to the present day. 

The Modern, or Mesozoic-Cenozoic evolution¬ 
ary tauna of bivalves, arthropods, echinoids, 
foramiiufends, crustaceans, fish and other groups 
had some representatives going back to the 
Cambrian and had slowly diversified througli the 
Palaeozoic. When, following the Penman event, 
vacant ecospace became available again on the con¬ 
tinental shelves it was the Modern evolutionaiy' 
fauna which took over. There are many evident 
changes at this time, for example, the brachiopods 
losing their dominance to bivalves, and the com¬ 
plete replacement of coral and echinoderm faunas. 
Very diverse ecological t^'pes are presenr amongst 
representatives of the Modern fauna. 

The three great evolutionary faunas overlapped 
but they arc distinct and they provide a useful way 
of understanding the expansion of the biosphere. 
One characteristic feature that emerges clearly is that 
each successive evolutionary fauna diversified more 
slowly than that which preceded it, but has a higher 
level of maximum diversity, and a greater range of 
ecological strategies too. The stepwise pattern of 
increase in global diversity seen in Pig. 3.6 h,as led to 
rsvicc as many families living today than there were 
at any time during the Palaeozoic. Parallels may .also 
be sought in the expansion of terrestrial and fresh¬ 
water plants and animals (Gray. 1987). 

Despite the coherence of each of the three evolu¬ 
tionary faunas, e.ich has undergone substantial inter¬ 
nal turnover. This is well illustrated by the Modern 
fauna, and cspeci.ally by the rise and fall of the 
ammonoids. Whereas the rise of the ammonoids in 
the Devonian was slow, by the Triassic they had 
become amongst the must common and characteris¬ 
tic of all preservable invertebrates and very diverse. 
Yet they too nearly became extinct again at the end 
of the Tria.ssic, having .ilready suffered a late 
Penman setback. All the ammonites of the Jurassic 
and Gretaccous were denved from a single small 
group of late Triassic ammonoids which alone sur¬ 
vived the rigours of the end of the Triassic. 

Ammonites Hourished in the Mesozoic, along 
with bivalves, gastropods, echinodemis, corals and 
brachiopods. which were still locally common. In 
late Cretaceous time the ammonites declined. Over 
a period of some U( Ma they became reduced in 


numbers and diversity and confined to only certain 
parts of the world, finally dying out at the end of the 
Cretaceous. 

When, following the final demise ot the 
ammonites, the earliest Tertiary faunas were estab¬ 
lished they were not unlike those of today. The 
hard-shelled faunal assemblages in the Tertiary' con¬ 
sist of bivalves, gastropods, echinodemis, bryozoans 
scleractinian corals and other fomis, with bra- 
cliiopods becoming a very minor componciiL 
Indeed shell debris on an early Tertiary shoreline 
would not. 111 terms of groups represented, be ven 
different from that on a modem beach. It would 
contrast singularly with a Mesozoic beach, which 
would be covered by ammonite shells. 


Climatic and sea-level changes 

The Earth’s climate has dramatically fluctuated dur¬ 
ing the Phanerozoic, oscillating between alternate 
‘icehouse’ and ‘greenhouse’ conditions (e.g. Frako 
ct al., 1992). The late Precambrian (Varangian) ice 
age gave way to a warmer, though still cool climate 
in the early Cambrian. Dy the late Cambrian the 
Earth had entered a hot ‘greenhouse’ phase, lastin^i 
until the end of the Devonian and punctuated only 
by the short, sharp, late Ordovician glaciation. Then 
from the Carboniferous to the late Triassic there w* 
another ‘icehouse’ with extensive ice sheets cover¬ 
ing the southern continent of Gondwana during the 
late Carboniferous and Pemnan. A warming episodr 
in the late Triassic led to a second ‘greenhoust 
phase, peaking in the Cretaceous, and thereafter 
there was a general dccUne in temperature, leadiiif 
to the present ‘icehouse’. 

Such large-scale chmatic fluctuations can b< 
related to changes in the intenual workings of tht 
Earth. ‘Icehouse’ phases occur when plate tectonic 
movements are imninial. At such times ocean ndgci 
subside, thereby accommodating vast amounts oi 
water in the ocean basins, so that the contineno! 
masses are left high and dry. Lowered vulcanicm 
minimizes atmospheric CO.,, and heat loss mcreasa, 
With the onset of renewed plate tectonic activity, 
continents move, spht and collide, ocean ridges roc, 
continents are flooded, and increased vulcaiiicity 
throws dust and CO, into the atmosphere so that 
heat is kept in. Thus begins a new ‘greenhouse' 
phase. Such megacycliciry inevitably has profound 
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rfec&on living organisms, since when due to global 
»\innmg tlie continental shelves are flooded, vast 
new manne habitu areas arc opened up for colo- 
diMtion. These disappear during a later ‘icehouse’ 
phase, Moreover, climatic change by itself, espe- 
fially when rapid, is likely to generate a biological 
msis. 

Upon these two ‘greenhouse’ and three 'ice¬ 
house' megacycles of the Phanerozoic arc imposed 
(Wgrcssively shorter second-, third- and fourth- 
uiilei cycles generated by other causes (Hallam, 
IW2). These too had their biological effects and 
these varying cycles, operating at different scales, are 
pirt of the restless stage upon which the history of 
k'c has been acted out. 


Extinctions 

It seems to be the fate of virtually alJ organisms 
rraitually to become extinct. In the same way that 
new taxj h.ivc arisen through time so they decline 
Jiid disappear and most genera and species have lim- 
tlttl geological ranges. There is thus a continuous 
Its'clofbackground faunal changeover, consisting of 
innumcrahle minor extinction and replacement 
cpbodcs. Sometimes, however, many tax.i become 
caiiut more or less simultaneously. Such larger- 
idt extinction episodes terminate each of the geo- 
kipcil periods and the systems themselves are 
ilrtincd on the basis on the faunas they contain. For 
rumple, at the end of the Cambrian the trilobitc 
liuiias that had dominated the scene for a long time 
■jaderwem a worldwide change, the m.ajority of 
iniilies becoming extinct and being replaced by 
mtirdy new stocks (Whittington, 1966; Westrop, 
IWf). This abrupt change is a convenient strati- 
paphical marker, but there must have been reasons 
lorit. Sonic kind of catastrophe seems to have taken 
fkc, though not necessarily a sudden one. 

Sudi events are obviously destructive, but in a 
( Mcrcnt sense they are also creative. For once new 
•leosystems are set up they tend to become rather 
npd ui an evolutionary sense. There is not much 
prospect within them for innovative change. Once 
(iich an ecosystem has broken down, however, the 
potenti.ll then becomes available for opportunistic 
icpbccmcnt and it is at such times that new and 
promising evolutionary developments can prosper. 
Thus according to lioucot (1983) the marine 


Phanerozoic fossil record can be divided into 12 
level-bottom ‘ecological-evolutionary' units punc¬ 
tuated by extinction events of a greater or lesser 
magnitude. Within each of these units, communities 
were remarkably stable and their structure was 
tightly constrained witliiii ecologically dictated lim¬ 
its. During these long periods of stability there were 
few evolutionary innovations and stabilizing selec¬ 
tion operated both at the population and the com¬ 
munity level. When, however, major extincrion 
events disrupted the structure of ecosystems, not 
only were new structural and physiological innova¬ 
tions established during the subsequent adaptive 
radiations, but community types were completely 
reconstituted in new and dift'ereiit patterns. 


Possible causes of moss extinctions 

Ot all the extinction periods which have been doc¬ 
umented, by far the most severe was the late 
Permian crisis, which reduced the number of 
marine invertebrate families by .37% (with perhaps 
95% of all species disappearing). 

There were other crises of intermediate severity. 
Up to 22% of all families died out in the late 
Ordovician (end-Ashgillian). and crises of compara¬ 
ble magnitude took place in the late Devonian 
(Frasnian-Famemiian; 21%) and late Triassic 
(Norian; 20%), and finally in the late Cretaceous 
(Maastriclitian; 15%). The last-mentioned of these is 
of particular interest as it aftccted land animals as 
well as marine faunas. None of these episodes, nor 
the less important extinction events down to die 
biomere level, were part of a regular cycle of events 
but were irregularly spaced throughout geological 
rime. 

The view that extinction events are coupled with 
a 26 Ma periodicity (winch would suggest a single 
underlying causal mechanism, and probably 
extraterrestrial) has now rather fallen from lavour 
(Patterson and Snuth, 1987; McGhee, I989a,h). 

What is difficult, and rather more spccuLitive, is to 
find causes. Since Alvarez t’l al. (1980) proposed that 
the terminal Cretaceous extinction event resulted 
from an asteroid colliding with the Earth, mass- 
e.xtincrion analysis has become something of a 
growth industry in palaeontology (Silver and Schulz, 
1982; Larwood, 1988; Albntton, 1989; Clialoiier and 
Hallam, 1989; Donovan, 1989; Alvarez, 1997). 


V 
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Whereas there has been a natural, if misguided 
tendency to look for a common cause for all extinc¬ 
tion events, many authorities would prefer to seek 
explanations in random combinations of more ordi¬ 
nary factors (Teichert, 1488). Indeed, as Holland 
(1989) has rightly pointed out, the use of the term 
'mass extinction' can overdramarize the patterns that 
the fossil record actually has to show. 

Potential causes of the deterioration of global 
ecosystems were determined by McCihee (1989a,b) 
as follows. 

Earthbound mechanisms 

Global temperature decline. This would particularly 
affect shallow-water tropical (and reel) ecosystems. 
Marine organisms living at higher latitudes would 
track migrating temperature belts and would be less 
severely affected, and likewise inh.abitants of deep 
water. 

Marine regression. Fluctuations in sea level have 
taken place hundreds of times during the 
Phanerozoic. Some have been no more than minor 
localized incursions or regressions of the sea; others 
on a much more widespread scale. Regressions 
would reduce habitable area on continental shelves 
(though habitat space around oceanic islands would 
increase). A flooded continent.il shelf or epiconti¬ 
nental sea provides a great area of living space and 
very many habitats. There will be especially many 
habitats if the temperature gradient across the sea is 
high. If the shelf seas are contracted, then the living 
space will disappear, many of the habitats will vanish 
and the ecological disturbance will be profound. A 
fall in sea level of only a few metres could do untold 
damage. What have been termed ‘perched faunas’ 
(Johnson, 1974), i.e. faunas that have evolved 
rapidly and have colonized a shell or continental sea 
dunng a time of ma.ximum flooding, are especially 
vulnerable when the sea retreats. 

Furthemiore. if any ‘key species’, plant or animal, 
occupying a critical position in a food web becomes 
extinct, the whole network of feeding relationships 
dependent upon it will be immediately disrupted, 
and those animals at higher trophic levels which 
depend on it for food may well become extinct too. 
Climatic buffering effects might likewise vanish. 
Mannc rcgre.ssion would, of course, occur during 
glaciation, with water being locked up in polar ice. 
The combination of shrinking living space and 
cooler climate could be acute. 


Volcanism. The production of masses of volcanu 
dust into the amiosphere would undoubtedly result 
in global cooling and result in environmental stre# 
which could be long continued. 

Oceanographic effects. Patterns of oceanic circu¬ 
lation may change through time; new systems oi 
upwelling could he set up, and possibly large-scale 
overturn of stagnant bottom water could occuc 
with lethal effects on the pelagic and shelf fauna. Or 
the other hand, a dimnuition of upwelling system 
could, over an extended time peritid. deplete tht 
plankton of essential nutnents. 

Extraterrestrial mechanisms 
Supernova radiations. Lethal blasts of radiation from 
a nearby supernova could well have adversely 
affected the Earth. It is not possible to tic any siiiii 
event in with the fossil record, however, and ni« 
mannc organisms would have been protected by sn 
water. 

Bolide impact. Rare but devastating meteorite m 
asteroid collisions with the Earth could have totalh 
disrupted the pattern of life. If a bolide some lOkir, 
in diameter hit the Earth’s surface, the first effcci 
would be a shock wave with initial deva.statioiLl 
Second, there would be a period (lasting sever* 
months) of darkening by atmospheric dust. Follow¬ 
ing the initial blast the cessation of photosynthcMv, 
acid rains and lowered temperatures due to sunlijiJti 
being unable to penetrate the dust would have lu( 
lethal effects on sensitively balanced ecosystems aii^ 
could have precipitated a major extinction. Thcreu 
no doubt that the Earth has been bombarded by 
extraterrestrial bodies through time, for there are uf 
to 100 known impact craters of various sizes on tlx 
E.arth’s surface which have been made during tlx 
Phanerozoic. The 26 km Ries crater in llx 
Schwabische Alb, in soiitheni Germany, one oflht 
best studied, is an impact structure some 1.5 Ma old 
the meteorite must have been 1-2 km in diametet 
A 70 km diameter Triassic impact crater is knowi 
from Ontario, and many of the lunar impact craten 
are much larger still. It has been estimated tli* 
meteorites of more than 10 km in diameter, produc¬ 
ing craters of 20tl km diameter, should occur about 
once every 40 Ma, and the likelihood of niaia 
extinction resulting from the impact of celestial pro¬ 
jectiles is actually quite high. 

In analysing particular extinction events, sedw 
mentological and geochemical data are used u 
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fonjunctioii with itifonnation from the fossil 
word. It has become evident from this tliat no sin- 
(llf mechanism can be invoked to account for all 
iPtmction events, and indeed some may have 
■suited from several coincident causes. 

lofe Ordovician (Ashgillian) extinction event 
Inwards the end of the Ordovician, sea level stood 
liigh. productivity was vigorous and environments 
vwrr fairly stable. Shelf faunas were diverse and 
Wadi graptolitic shale accumulated in deeper water. 
Then, at the beginning of the Hirnantian (the top- 
miist stage in the Ordovician), the climate deterio- 
nted rapidly, and the Gondvvanan ice sheets 
expanded greatly, extending to quite low latitudes, 
mj drastically lowering sea level. The resulting 
CHilogical disruption came in two abrupt phases 

I witli a more difiiisc time of extinctions between 
(Brcnchley, 198*1). The first phase (late Rawtheyan) 
iScitcd the plankton (notably graptolites and con- 
•odonts) and also the deeper-shelf benthos, where 
ilinc was a great drop in diversity. This may be 
Med to oceanic overturn of anoxic or to.xic deep 
niter (Owen and Robertson, 1995). Shallow-shelf 
inchiopods were also affected but less severely, and 
■iicrc arose the unique, short-lived, but virtually 
iMiildw'idc Hirnaiitia fauna, dominated by bra- 
, diiopods, which persisted until the end of the 
( Ordovician. While this fauna is noniially of low 
diversity (<1() genera), some variants may have up 
10 2.i ta.xa, including local relicts of earlier faunas, 
Uid tliere is evidence of bathymetric zonation 
Within the Hirnantian fauna too ( Rong and Harper, 

m% 

The second phase occurred during the glacial 
PBXimuiii. Sea level was drastically lowered and 
habitable shelf area reduced, causing fiirther disrup- 
noii extinction of the shallow-shelf biota. 

I The third and final pha.se of extinction, some 
hndreds of thousands of years later, occurred in late 
I Himaiitiaii times, at the very end of the Ordovician. 
By this time the glaciation was largely over, and sea 
level rose quickly bringing with it anoxic waters 
which spread onto the shallow shelves and killed off 
the Himaiitia fauna. Only later did wanii-watcr fau- 
iQS re-establish themselves, from the beginning of 
the Silurian. 

In North America the Late Ordovician brachio- 
pod (annas became abruptly extinct, and when the 
teisrose again following the melting of the glaciers. 


European invaders colonized the North American 
shelf areas (Sheehan, 1973). The original North 
American communities had enjoyed a long 
period of stability, but were narrowly adapted to 
particular niches in defined community structures. 
1 he European species, however, had a greater flexi¬ 
bility and were less closely adapted. These were able 
to cope with adverse environmental conditions, but 
It w'as some 3—5 Ma before persistent community 
structures were re-established. 

Lafe Devonian (Frasnian-Famennian) extinction 

event 

This event is well attested (with some 21% of 
marine families lost) but less well understood. It 
seems to have been spaced out over some 3 Ma 
(McGhee, 1989a,b), but as a series of separate 
events, and with a particularly sharp drop at the end 
of the Frasnian. The worst effects were concentrated 
on the tropical reef ecosystems and wanu-water 
shallow manne conmiunities. The various compo¬ 
nents. however, were affected in different ways. 
Tabulate corals never recovered, though rugose 
corals did better, and although 75% of brachiopod 
genera became extinct, they staged a remarkable 
recovery, as did the ammonoids. High-latitude 
faunas and deeper-water associations (as well as 
terrestrial biota.s) were much less badly affected. 
These effects are consistent with a model of drastic 
global cooling, but in this case sea level stood high 
throughout the whole biotic crisis, and glaciation 
was certainly not involved. Another factor, how¬ 
ever, is the global spread of cuxinic bottom condi¬ 
tions into shallow seas during the later Devonian, 
and this might itself have been promoted by a sea- 
level high stand. One or more major oceanic over¬ 
turns of this stagnant bottom water would have 
poisoned the upper waters, and have led to severe 
faunal extinctions. Anoxic overturns of this kind 
have been considered as side effects of global cool¬ 
ing. At present (McGhee, 1996) a search continues 
for evidence of meteorite bombardment. Some evi¬ 
dence does exist in the form of several microtektite 
layers (melted glass spherules), soot horizons and a 
possible iridium anomaly, but these are scattered at 
various times in late Devonian history. More dra¬ 
matically, several craters attributed to bolide impact 
are of late Devonian age. One of these, the 52 km 
diameter Siljan crater in central Sweden, may have 
formed in the late Frasnian, others at different 
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times. The eonccpi ul multiple impacts, spaced out 
over an extended time period, is beitinninj’ to look 
appealing. 

Late Permian extinction event 
This acute crisis seems to have spanned at least 10 
Ma, and was also coupled with extinction of terres- 
tnal taunas. 1 hose marine faunas which suffered the 
greatest reduction were tropical sienohaline groups, 
both benthic and pelagic, and the crinoid-brachio- 
pod- and bryozoan-dornmated ecosystenrs of the 
Late Palaeozoic were totally destroyed. Yet bivalves, 
nautiloids, gastropods and conodonts suffered com¬ 
paratively little, and Pennian gastropods indeed 
have proved an excellent group for studying con¬ 
trols on extinction and survival. 

Faunal and geochemical data support a gradual, 
and not a catastrophic end-Pennian event, though 
with successive sharp pulses within it. Many factors 
were involved, and no one single cause is envisaged 
(Erwin. 1993). One important factor was the 
palaeogeography of the time, since all the continents 
were then assembled into the giant supcrcontment 
of Pangaea, with the triangular Tcthyan ocean 
indenting its ca.stcni margin. Such a configuration 
would certainly have affected climate and ocean 
circulation, and knock-on biological effects would 
have been inevitable. Second, there was the most 
extensive known marine regression of any time 
during the Phaiierozoic. This regression began in 
the early Permian and by the end of the Pennian the 
overall drop in sea level has been calculated as 
210-28(1111. The loss of marine habitat was ver\' 
great, and this, together with marked seasonal cli¬ 
mate swings, led to a singular ecological instability' 
and explains also why there are so few good bound¬ 
ary sections against which these faun.al changes can 
be calibrated, Wann shallow seas became reduced to 
certain parts of the world only and much of the 
Permian marine sedimentation was deposited in 
inland seas connected to the ocean by narrow 
channels and bordered by enormous algal reefs. 
Of these the best known are the seas of western 
Texas and northwesteni Europe. Evaporites were 
deposited both behind the reefs as salt water washed 
over them and in the basins themselves as they peri¬ 
odically dried out. The low-lying regions formerly 
occupied by these seas were sometimes flooded, 
only to dry out again; in the Zechstein sea of north¬ 
western Europe five such desiccation cycles have 


been recognized. While the hypersaline waters of 
these seas were generally hostile to life, except for 
the algal reefs themselves and a few specialized 
invertebrates, the amount of salt taken out of the 
upper water of the sea and peniiancntly locked away 
in evaporite sediments must have been considerable. 
Whether this was enough to reduce the salinity of 
surface waters so as to affect adversely the life of 
stetiohalinc marine organisms is debatable. 

It was fonnerly thought that this drop in sea level 
was the result of global cooling, but the Permo- 
Carboniferous glaciation was finished by the late 
Pennian; sinking oceanic ridges is a more likely 
cause. 

A further factor seems to have been massive 
vulcanicity, centred in Siberia, causing a draniatie 
mcrease in atmospheric CO, levels, which may have 
led to oceanic anoxia. These multifarious causa 
collectively led to previously unparalleled environ¬ 
mental instability and so to collapsing ecosystems. 

By the end of the Pennian the last reef environ¬ 
ments had vanished, and all associated ecosystem) 
had collapsed. Ncirmal ntanne conditions do not 
seem to have been restored for several million years 
The Permian extinction therefore (Maxwell, 1989) 
seems to have involved global cooling, marine 
regression, knock-on effects of these and perhaps 
several other factors. 

Late Triassic (Carnian-Norian) extinction event 
In the late Triassic there were heavy losses in many 
invertebrate groups and the ammonoids and bivalva 
only just survived. Conodonts, conulanids and 
strophomcnide brachiopods became extinct. Land 
faunas .iLso suffered dramatically at this time. 
Extinctions of marine faunas were spread througii 
the Scythian, Canii.in and subsequent Nonaii 
(Benton, 1990), and an extraterrestrial cause thm 
seems remote. Although stratigraphic resolution ii 
less good in the Triassic than it is, for example, in 
the Jura.ssic, data from European pcctnnd bivalva 
and crinoids especially (Johnson and Simms, 1989) 
show substantial reductions in the Carnian, contem¬ 
poraneously with widespread facies changes. Simraj 
and Ruffcll (1990) couple these estimations wnth 
synchronous climatic changes, piarticularly to the 
onset of increased rainfall during an otherwise arid 
time. This may have led to a change in ocean sur¬ 
face temperature, pH or salinity ch.mges or loss of 
carbonate habitats. 
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Getoceous-Tertiary boundary extinction 
The K-T boundary is marked by the more or less 
(imulUneous extinction of many groups of animals 
Jiid pLmts. ranging from phyto- to zooplankton, 
thmugli ammonites and belemnitcs to the terrestrial, 
nunne and Hying reptiles and land plants. Even 
though this ensis was less severe than that of the late 
Permian, some estimates suggest that 15% of .ill 
iiunnc families and up to 75% of ail Cret.iceous 
iprncs were eliminated. 

There may have been no single cause for these 
rmiN indeed the slow decline of the ammonites 
Jtinng the late Cretaceous, and their restriction to 
only a few parts of the world prior to their final 
OCtiiirtion, m.iy suggest that gradual environmental 
change' was a primary control. This view has been 
Kinforced recently (McLeod et u/., 1997) by refined 
lalibration of the time ranges of several Cretaceous 
niirinc organisms, which show that ostracods, 
biyozoans, and bivalves, as well as land reptiles were 
jho declining during this time. Yet there was a pro- 
iwiinccd sharp extinction at the very end of the 
CtfUceous, and in recent years much support has 
Ixm given to ‘catastrophic’ theories to explain this 
ind other severe extinction periods. There arc two 
raam contenders here; bolide impact and intense 
vulcaiiicity. Tlie present debate dates from the dis¬ 
covery of an iridium-rich Layer in marine clays 
ui Italy and Denmark by Alvarez et ill. (1980). This 
byer lies precisely at the Cretaceous-Tertiary 
boundarv, as recognized by faunal changes. Iridium 
« depleted in the Earth’s crust but is 10^—10'* times 
moR' abundant in meteorites, and it was posmlated 
tlut It was derived from a large asteroid or meteorite 
»mc 10 bn in diameter which collided with the 
Emil at the end of the Cretaceous. 

In support ol the asteroid impact hy'pothcsis the 
indium layer has now been found worldwide (up 
to 75 localities), often with shocked quartz grains 
mnon-manne as well as manne sequences. Whereas 
snngraphic resolution does not peniiit a precise cor- 
rtbtion between marine and terrestrial secjucnccs, 
diu from plant fossils over the K—T hisundary points 
tea dramatic .and sudden environmental disturbance. 
Sections in western North America (Wolfe and 
Upchurch, 1986; Uoulter el ai, 1988; Upchurch, 
1989) am particularly instructive in this context. Here 
s bigh-diversity evergreen broadleaved flora, indica- 
ni'c of rather dry conditions, .ibruptly tenninates at 
the indiuni-rich K—T boundary clay layer. Above this 


lie a few millimetres of rock devoid of spores or plant 
cuticles, but often with sapropel or fusain, indicating 
rotting or biinied vegetation (and soot Layers at this 
level indicating huge wildfires have been found 
worldwide). There follows a few centimetres of coal 
or mudstone with only fern spores and megafosstls, 
and tliereaftcr angiospenn remains increase with evi¬ 
dence of greater precipitation, showing a phased and 
gradual recovery until a tropical rainlbrest was estab¬ 
lished. The timescale here is about 1.5 Ma. 

Evidence of this kind is compelling, and is consis¬ 
tent with a drastic and sudden environmental 
trauma, followed by a slow recovery. The likelihood 
that an .asteroid impact was responsible has been 
much accentuated by the discovery of a 200-300 km 
wide crater of cnd-Cretaccous age at Cliiexulub in 
the Yucatan Peninsula. It is buried by later sediments 
but has now been geophysically mapped, and shows 
at least three v.ist concentric nngs of tlie kind to be 
expected from the impact of a bolide over 10 km in 
diameter. (Alv,arez, 1997). Drillings in the Caribbean 
made in 1997 give evidence of great disturbance in 
sediments of tlie K—T bound.ary, which are surely 
the result of shock waves generated by this collision. 
Some geologists, however, believe that intense vol¬ 
canic activity around this time could equally be 
responsible for the iridium Layer (or layers), global 
wildfires, and the dramatic floral and faunal changes 
documented, and indeed, the 65 Ma Deccan Trap 
flood basalts in India coincide exactly with the K—T 
boundary. These flood basalts erupted for a million 
years or so. Possibly India was migrating over a hot 
mantle plume at the time. Alternatively the volcan- 
isni might have been trij^cred off by another .istcr- 
oid impact. There are iridium layers spanning up to 
20 Ma on either side of the K—T boundars', and 
more needs to be known about the distribution of 
iridium in sediments generally. Likewise, a more 
refined correlation of marine and terre.strial events is 
needed as a test for synchroncity. Even though the 
relative cfi'ects of asteroid impact and vulcanicity 
remain unclear, and although this has to be set 
.against a background of other changes, the available 
evidence shows unequivocally that a great and far- 
rcaching catastrophe, or indeed multiple catastro¬ 
phes, devastated the Earth 65 Ma ago. 

Smaller, but nevertheless important stepwise 
extinctions took place in tlie Eocene and CTligocenc 
(Prothcro, 1989) and dominantly aft'ecting land ani¬ 
mals in the late Pleistocene. 
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Sponges 


4.1 Phylum Porifera: sponges 


Thf sponges arc miilticellular organisms but arc not 
leprdeil as metazoans. T’liey liave only a few types 
of cell, and these arc not really organized in tissues. 
There is no nervous system. In many ways they are 
of 1 grade of organization in between protozoans 
md metazoans: hence they are sometimes known as 
pirizoans. Apparently they were derived from a 
^ protozoan ancestor but were an evolutionary blind 
lOcy, not ancestral to any metazoan. 

The fine structure of sponges can often be used 
for identifying the species, but the e.xtenial 
faiphologs may vary within fairly broad limits 
Upending upon the environment. Sponges have 
ymarkabli powers of regeneration, and a living 
ipimgc squeezed through a silk net will re-form 
ijjain on tlie other side. But individual cells 
TWoved from .sponges, even though they may look 
lost like some protozoans, will not live long; they 
Jcwily viable as part of the sponge. 

Sponges are generally sessile benthic animals and 
It ill filter feeders (Bcrgqmst, 1978). A typical 
sponge (Fig. 4.1 a) h.as an upright bag-shaped body 
wh 3 central cavity (paragaster) opening at the 
«p via an osculum. The outer surface of the 
fonge IS perforated by numerous tiny holes (ostia), 
ihich lead to incurrent canals and thence to 
dambers within the sponge body. 

These chambers arc lined by collar cells or 
doinocytes (Fig. 4.2), each tvf which faces into 
Ifr chamber. 

iBthalant pa.ssages lead from these to the central 
■mi. The collar cells are the most important ele- 
«np in the organization of the sponge. 
Wicrmore, these cells demonstrate the relation- 
^beween sponges and protozoans, since the sin- 
if.<cllcd or sometimes colonial protozoans known 


as the Choanoflagellida are m form virtually identi¬ 
cal with sponge collar cells. Some planktonic marine 
choanoflagellids, like sponges, construct ha.skct-like 
capsules of geometrically organized rods of silica - a 
further indication of biological affinity. 

Each collar cell is a small globular cell with a 
cylindrical collar projecting from it, composed of 
fine pseudopodia. This collar encircles a solitary 
central flagellum. In life all the flagella beat continu¬ 
ally, the tip of each whirling in a spiral motion. The 
current generated by all the flagclJac draws water in 
through the ostia to the chambers and out to the 
central cavity and the osculum. Particulate organic 
matter then adheres to the sticky outside of tlie col¬ 
lar, which ingests it. Though the whirling of each 
flagellum is comparatively slow, the combined effect 
of all the flagcllac operating together produces an 
efricient though low-pressure pump which can pass 
througli the sponge every minute a volume of water 
equal to the sponge’s own volume. Sponges gener¬ 
ally have other kinds of cells th.an the collar cells. In 
one major group, Siibphylum Gelatinosa (Fig. 4.4), 
die outer surface is covered with flattened epithelial 
cells (pinacocytes) of which those in the pore 
regions (porocytes) arc perforated and can close ofl' 
the pores by contraction if necessary. Each porocyte 
is stimulated to close individually by the presence of 
noxious substances in the water; the conduction of 
such stimulation to neighbouring cells may take 
place, but in the absence of a nerve net is very lim¬ 
ited. There are also amoeboid cells (amoebocytes) 
which wander through the sponge body and transfer 
nourishment from the choanocytes to other parts of 
the sponge. 

Most sponges have a skeleton; tliis may simply be a 
colloidal jelly, but in most living kinds it consists of a 
liomy material (spongin) or of calcareous or sihceous 
spicules (Figs 4.6, 4.10, 4.11) or ofboth. Some liv¬ 
ing poriferans (sclcrosponges) and several fossil groups 
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Figure 4.1 Elements of sponge morphology: (o) leucon (rhogon) type showing passage of water currents; (bHd) ascon, sycor a* 
leucon grades of organization. |(a) based on drawing in Marshall, 1978.] ■ 


have a calcareous skeleton in addition to the spicules, 
and the extinct archaeocyathans have a skeleton con¬ 
sisting of calcium carbonate alone. Spicules can be 
fossilized, especially when they are united so as to 
hold the body of the sponge together after death. 
Thus complete or partial sponge bodies, mats of 
spicules or isolated spicules are found in rocks extend¬ 
ing back to the Cambri.an and possibly Rirther. 


Sometimes sponges use shell debris, sand or even iM 
spicules of dead sponges to strengthen their skelctOH 
There are three grades of organization in liviH 
sponges. In the simplest (ascon) grade (Fig. 4.I® 
the sac-like body is merely a single chamber limfl 
with choanocytes, with attendant epithelial cells aB 
amocbocytcs. Sycon sponges (Fig. 4.1c) haveB 
number of grouped ascon-like chambers with a cm 
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Figure 4.3 (a) Lite Form oF a stalked, still-water sponge and 
(b) liFe Form oF a 'rheophilic' sponge with a wide lateral osculum 
directed away From the current. (Redrawn From an illustration in 
Carter, 1952.) 


ml opeiung, but tlic vast majority of sponges are of 
leucon (rhagon) type (Fig. 4.1a,d), in which a 
lumber of sycon-like elements open into the large 
Ctntral cavity (paragastcr). In the larger modeni 
iponges. shrimps, ophiuroids or other commensal 
lumals may live m the paragastcr, and such associa- 
Boiis may be found in fossil forms. Ascons are rela- 
jveh' small and not much larger than 10 cm high, 
ivcon and leucon sponges with their folded cham- 
licfs exhibit obviously greater filtering efficiency 
mdgrovi to a larger size. 

There are about 1500 genera of modem sponges, 
dF which some 80% are marine (the rest are fresh wa¬ 
ter). The shallow marine genera show a remarkable 
Idcrance of intertidal conditions. Sponges abound 
n the deep sea, especially the Hexactinellida or 
Accoiis glass sponges, which are confined to quiet, 
mil waters. Sponge morphology is well adapted to 
the external environment, especially m such func¬ 
tional necessities as the separation of incurrent and 
•ocurrent water (Bidder, 1937; Hartman and 
.Rebwig. 1973). Thus many deep-water sponges are 
■talked, the incurrent water coming in near the 
dk attachment and the excurrent wastewater pass¬ 
ing through the osculum (Fig. 4.3a). 

Sponges living m shallow water in which current 
ifecctions arc constant may have the osculum down 
«iic side, so that the broader fan-like surface faces 
mto the current and the lateral osculum away from 
It (Fig. 4.3b). This not only makes use of the pre- 
wiling current but also prevents reuse of excurrent 
water. A parallel with this is found in bryozoans and 
4iinoids. 



Figure 4.4 Wall structure oF an advanced gelatinosan sponge. 
(Redrawn From Reid, 1958-1964.) 


4.2 CloftsificaHon 


Sponge taxonomy at the highest level is based upon 
the soft tissues, though only the skeleton is pre¬ 
served in the fossils. Two subphyla have been distin¬ 
guished (Ffeid, 1958—1964) on the stmeture of the 
sponge wall. In Subphyltim Clelatinosa (Fig. 4.4) the 
outer epthelial layer of flattened pinacocytes overlies 
a gelatinous middle layer (mesenchyme) in which 
the spicules are secreted by scleroblasts and 
wherein the amoebocytes wander. 

The innemiost layer, in sponges of ascon grade, is 
that bearing the choanocytes; in more advanced 
grades these are invaginated within chambers. 

The other subphylum, Nuda (Fig. 4.5), has 
neither pinacocyte layer nor mesenchyme; rhe 
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Figure 4.5 Wall structure of a hexactinellid (Nuda) of leucon 
grode. (Redrawn from Reid, 1958-1964.) 

choanocytes are borne in a nctwtrrk of syncitial fila¬ 
ments (trabeculae) but are likewise orj;anized in 
chambers. 

The majonty of living I’orifcra have a skeleton ot 
spicules, and until recently it was imagined that the 
only sponges in the fossil record were likewise spic- 
ular. Since the discovery of Recent sclerosponges, 
with both a spicular and a calcareous skeleton, the 
classification and relationships of fossil and living 
sponges has been dramatically revised, more so, per¬ 
haps, than in any other fossil group. It has now been 
recognized that the skeleton of stromatoporoids, 
chaetetids and sphinctozoans likewise possesses both 
spicules and calcareous material. Though the arago¬ 
nite skeleton is often recrystallized, obscuring the 
primary structure, acid etching and SEM microgra¬ 
phy has cn.ahlcd spicules to be detected. These 
groups, together with the entirely calcareous 
archaeocyathids, arc now all regarded as true 
sponges. It has also become clear that solid, calcare¬ 
ous skeletons developed independendy within at 
least two of the main poriferan classes (Demo- 
spongea and Calcarea), and that ‘stromatoporoids’, 
for example, are thus best regarded as ‘grades of 
organization' rather than as of separate taxonomic 
rank, and they can be accommodated within mod¬ 
em sponge classes (Zhuravlev et al., 1990). Because 
of such convergent evolution, many problems 
remain in trying to produce a satisfactory’ classifica¬ 
tion of the Porifera. A provisional cla.ssific3tion is 
given below; this no doubt may well be modified in 
the future. 



PHYLUM PORIFERA (Cani.-Rec.): Multicellular animals 
choanocytes and a skeleton of spongin and/or calcareout ofj 
siliceous spicules and/or massive carbonate. 

SUBPHYLUM I. GEIATINOSA: Porifera with pinacocyB 
and mesenchyme; choanocytes on the inner mescnchyi 
surface. 

CLASS 1. DEMOSPONGEA (Cam.-Rec.); Gelatinosii 
leucon grade with siliceous spicules and/or spongiiu 
sometimes with foreign inclasions. Spicule rays usual 
diverge at 6(1 or 120°. Living sclerosponges. chaetcli 
most sphinctozoans and most stromatoporoids n] 
included here. 

CLASS 2. CALCAREA (CALCISPONGEA) (Cam.-Rct)| 
Ascons, sycons or leucons with a skeleton of calcarea 
spicules. A few sphinctozoans and stromatopon 
belong to this class. 

SUBPHYLUM 2. NUDA: Porifera without piiiacocyte cells« 
mesenchyme; choanocytes set in a network of protupll 
mic threads. 

CLASS HEXACTINEILIDA (HYALOSPONGEA) (L 
Cam.-Rec.): Nuda. usually leucons. with spicular r» 
diverging at 90°. Spicular skeleton only. 

INCERTAE SEDIS. ARCHAEOCYATHA (L.-M. Can 
Calcareous perforated skeleton ot tsvo ‘nested’ invci 
cones joined by radial partitions. A few sphinctozoi 
and stromatoporoids arc included here. 


4.3 Class Demo&pongea 


Spicular demosponges 


Most fossil demosponges are represented 
siliceous spicules only, the skeleton having cal 
lapsed. Such spicules may have either one single i 
(monaxon) or four rays (tetraxon) diverging at M' 
or 120° (Fig. 4.6c). 

Ancient spicules, even of Cambrian age, can noi 
mally be related to modem families. Oiily in On 
I.ithistida (Cam.-Rcc.) are the spicules of ditfen 
form. These knobbly or tubercular desmas (F 
4.6a,b) are often so interlocked that the skeletot 
holds together after death. Lithistid genera are con 
mon from the Jurassic onwards, and such types i 
the Cretaceous Siphonia show details ot the caiul 
chambers, paragaster and osculum when section 
Clionid sponges can penetrate into hard shell 
limestone material, spreading out below the siirhd 
and secreting a spicular skeleton within the shd 
Such sponges contribute greatly to the destrucDOi 
of hard shell tissues ;ind thus arc of some geolog 
importance. 


class Demospongea 89 



(a) Siphonia 
Idamosponge) 




(b) Uthistid desmas 



(c) Demoaponga spicules 



(d| Raphidonama (calcisponge) 



la) Paronidella, with spicules 




(f) Leucandra (damosponga) 


figure 4.6 Demospongea ond Colcarea; (a) Siphonia (Cret.), o stalked example (left) cut in section (right), showing the internal 
omdsond porogaster (x 0.5); (b) lithistid desmas (x 25); (c) demosponge spicules (x 30); |d) Raphidonema, a Creloceous calcareous 
^onge (x 0.25); (e) Peronidella, a Cretaceous calcareous sponge (x 0.5), with 'tuning fork' spicules (x 30); (() Leucandra, a demo- 
ponge(x0.5), with tetraxon spicules (x 30). (Mainly redrawn from Hinde, 1887-1893.) 


Sclerosponges 

Some 13 living species of ‘coralline sponges’ have 
bti'ii described since 197(1, inhabiting submarine 
nves and other dark cryptic recesses (Hartman and 
Corcau, 197(1). These secrete a massive, encrusting, 
irjgonitic skeleton in addition to a skeleton of spon- 
jjii and spicules. The calcareous skeleton may con- 
iBtofboth aragonite and calcite and it progressively 


engults the spicular skeleton during growth. The 
spicules then become incorporated in the calcareous 
material. 

The outer surface of the living tissue investing the 
skeleton is pierced with two sizes of pores; small 
incurrent ostia, and larger, widely spaced excurrent 
oscula. These join with a system of radiating 
star-shaped canals, often running in grooves within 
the outer layer of the skeleton. Water is sucked in 
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Figure 4.7 Chaeletes: (a) wall structure and (b) drawing showing appearance in thin section, with spicule pseudomorphs. (BasedcA 
a drawing in Gray, 1980.) ■ 


tliroiigli the ostia by choanoeytes lying in linked 
chambers and expelled througli the excurrent oscula. 

Fossil sclerosponges are known from the Tertiary 
of California. 


Chaetetids 

These arc laminar, hemispherical or encrusting 
organisms, often of quite large sij'c. They were long 
believed to be tabulate corals, but they arc now rec¬ 
ognized as closely related to sclerosponges. 

Spicules were first discovered in the Carboni¬ 
ferous Chaelcics (Fig. 4.7) (Cray, 1980). 

In this genus the colonies display rhythmic 
growth bands, and on sectioning they show an 
irregular to subpolygonal cellular structure, the cells 
being up to (1.5 rnm across and know'ii .as cahcles. 
The calicle walls vary in thickness, often extending 
into ridges, which may in turn develop into a pseii- 
doseptal structure and occasionally into isolated 
columns. These structures commonly give the 
calicle walls a scalloped appearance. The spicules of 
Chai'tetcs are found within the calicle walls. In this 
material from Wales these walls are often diageneti- 
cally siiicified, a process which has preserved the cal¬ 
cite spicules in patches. The spicules themselves are 
straight or slightly curving tylostyles up to 0.3 mm 
long, sharply pointed distally, and with a distinct 
boss at the proximal end. The presence of such cal¬ 
careous spicules seems to settle the afhnities of the 
Clhaetetida and they .ire now' recognized as being 
related to sclerosponges. In the Cretaceous 


Stromatiyaxiiiclla there are also spicules (Wood un 
Keitner, 19SS), but these are of quite a ditfcral 
kind, and characteristic of a different group li 
demosponges. Indeed, in many ways this gemui 
intenuediate between chaetetids and stromatdr 
poroids. From such evidence, it is now clear thu 
‘chaetetids’ are polyphyletic, and that this grade ti 
organization is convergent, having arisen more tha 
once in geological history. 
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Stromatoporoids 


Stromatoporoids arc calcareous masses of Liycn 
and structured material found in carboiui^ 
sequences of C.unbrian to Oligocene age and doni 
nant in the Silurian and Oevonian. Palaeozoic stro- 
matoporoids, especially those of the Ordovician to 
Hevonian, were important reef fonners. Th(iu{;l)| 
common enough and greatly studied, their zoolofji 
cal nature has only recently been clarified; they an 
likewise demosponges with both spicules and a iil* 
careoiis skeleton. 

They bear some resemblance to compound ubihL. 
late corals, since the calcareous skeleton is of irrcgulil 


layered fonn and fonuing rounded masses or thin 
sheets, occasionally cylindrical or discoid.al (Fig. 

Where the upper surface is preserved it norm; 
shows a pattern of polygonal markings. It also nuj 
have small swellings (mamelons) at intervals 
frec|ticntly a most characteristic feature of stromatu 
poroid organization, stellate grooves known 
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class Demospongea 


(■) 



f^ure 4.8 (o) Siromalopora (Dev.), showing laminae in a frac- 
limd port of o colony (x 0.75); |b) upper surface of 
Snmolopora, showing mamelons with openings of astrorhizoe 
hi). (Based on a drawing by Lecompte in Treatise on 
Dwrfebrote Paleontology, Part F.) 



Figure 4.9 Wedge diagrams showing hard tissue in (a) 
Stromatopora and (b) Actinostroma. (Redrawn from Steam, 
1966.) 


Jiaped c,xhalent canal systems on the surface of sclc- 
(ospoiigi's. 

The structure of stromatoporoids may be studied 
HI vertical and tangential sections. It appears at first 
light to be less defined than in corals, but the domi- 
lunt stnictures are clear enough. A few selected 
types serve to illustrate the range in morphology. In 
JifiiwiMM/'i'rii (Ord.-f’enn.; Figs 4.0, 4.10) the 
cocnosicuni (colonial skeleton) in vertical section 
ibows stout, upright pillars, joined at interv-als and 
nversed by thin horizontal laminae, though the 
diffcR’iitiated structure is often lost and only a rctic- 
ttbte pattern of anastomosing elements remains. 

There may also be tabulae making partitions 
between chambers. With upward growth (Fig. 4,9) 
new materials were secreted by the cells in contact 
HTth the upper coenosteal surface, thus roofing over 
ihr successive astrorhizal canals. In Stromatopora the 
akareous material is con.stnictcd of carbonate spheni- 
ilcs in contact with one another, but this is unusual. 

Aamttroma (Cam,-L. Carb.; Figs 4.9-4.11) is 
Htfmcwhat similar, though the pillars are straighter 
iind more slender and joined by horizontal radial 
j^cesses in a kind of laminar network. Astrorhizae 
' uc not common and are absent altogether in some 
tljifcies. 

L Lilwliiclla (Sil.-Dcv.) has strong pillars and thin 
Uonzoiiul tabulae and possesses rare astrorhizae, 
lilhcrc.is Labfdiia (Fig. 4.9; Ord.—Carb.) has very 
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Figure 4.10 Structure of different stromatoporoids in section 
(x 10 approx.): (a)-(c) vertical sections; (d) norizontal section. 
(Based on a drawing by Lecompte in Treatise on Invertebrate 
Paleontology, Part F.) 

prominent tabulae between the pillars, convex 
upwards. In other genera horizontal laminae, often 
with cellular partitions, are weU defined. These 
structural elements — pillars, laminate, tabulae, 
astrorhiz.ie, etc. — are found variously developed in 
dilTerent stromatoporoids; sometimes one kind 
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Figure 4.11 Restored morphology of stromatoporoids mod- 
ellM upon sclerosponges: (o) Actinostroma (Com.-L Corb.); (b) 
Stromatopora (Ord.-Perm.) in which the hard tissue is composed 
of carbonate spherulites., (c) Actinostromarinina (U, Jur.) show¬ 
ing how spicules ore trapp^ by sponges which then becomes 
mineralized to form o primary calcareous skeleton. This skeleton 
then grows a secondary fibrous rim. [(b) based on Steorn, 1972; 
(c) based on Wood, 1987.) 


of structure develops much at the expense of others. 

Spicules have been found in the skeletons both of 
late Mesozoic (Wood, 1987) and Carboniferous 
stromatoporoids. Most of the spicules are siliceous, 
and thus the majority of these stromatoporoids arc 
regarded as demosponges. Apparently the primary 
skeleton was of spicules. These then became trapped 
by a coating of spongin, and it was upon this frame¬ 
work that the calcareous skeleton (usually arago- 
nitic) became secondarily precipitated. 

The original composition of stromatoporoid 
cocnostea is unknown; it may have been calcitc or 



Figure 4.12 A generalized sphinclozoan sponge, showii^C 
structure. (Redrawn from Wood, 1990.) 

•iragonite. Some authorities (e.g. Steam. I%6)b 
suggested an originally aragonitic skeleton whirl 
usually much altered differentially by di.igciK 
Steam attempted to distinguish primary from : 
ondary microstructures and by so doing holpeij 
remove the source of much taxonomic conlit* 
Figure 4.11 shows the reconstnicted soft-part i» 
phology, modelled upon that of living sclerospo(^| 
Stromatoporoids grow as laminar sheets atenj. 
one after the other — a pattern which has prtr.r 
amenable to computer simulation, as pixels oi! 
raster array (Swan and Kershaw, 1994), Mji 
growth fonns corresponding to actual stromft 
poroid morphologies were produced, vir)^ 
according to simulated sedimentation paitaf 
domal fonns, merging and branching types r 
columnar stacked sheets with ragged margins ami 
gous to real types. Curiously, conical-based im* 
phologies, easily generated by the compt 
program, are rarely found in nature. These exp# 
ments suggest that each stromatoporoid ‘grow 
unit’ was largely autonomous, like each pi.\eliiil)i 
model, and there is no clear evidence of ccntralli. 
control of growth. 
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Tlie skeleton of cnlcarcous sponges nonnally con¬ 
sists entirely of calcitc spicules; there is neither spon- 
gin nor silica. The spicules are often of tuning-fork 
shape (Fig. 4.6e). In the large Order Pharetronida 
the spicules form a closely packed mesh of different- 
sized ‘tuning forks’, giving a rigid and easily fos¬ 
silized skeleton. Rich Jurassic calcareous sponge 
faunas are known, sometimes associated with reefs. 
Well-known Cretaceous genera include the vase¬ 
like Rapliidomma (Figs 4.6d, 4.13) and the digitate 
Pcronidella (Fig. 4.6c) which together form extensive 
Vo/ospongeo g/gonteo (M Cam ) from Utah. The sponge beds in the Lower Cretaceous of southem 
wioce o( this keg-shaped hexadinellid is shown, with low, Fnelaiid 
iwnd mounds covering the entire surface. The oscular margin is a r 

^jennosland spicular impressions are clear (x 5). (Photograph ^ sphinctozoans seem to belong to the 

Npfoduced by courtesy of Dr J.K. Rigby.) Calcarea. 


figure 4.13 External appearance of an unusual twinned 
i()oiige. Raphidonema, from the Lower Cretaceous of Faringdon, 
biglond (x 0.75). (Photograph reproduced by courtesy of C. 
Onplin.) 


« 


Figure 4. ] 5 (a) Port of a skeleton of a diclyonine hexactinellid, 
showing overgrowth of contiguous hexact spicules by a siliceous 
envelope and (b) construction of the hexactinellid siceleton with 
outer, middle and inner megascleres and scattered microscleres. 
(Redrawn from Reid, 1958-1964.) 


stnicturc. They flourisb'’d mainly in the late 
Palaeozoic and early Mesozoic, but several 
Cambrian genera arc known, and a Recent form, 
Vaceli’tia, has also been discovered, living in cryptic 
habitats. There are similarities between sphincto- 
zoans and some archaeoecyathids, suggesting a pos¬ 
sible biological relationship betvs'een the two grades. 


Class Calcarea 


4.4 Class Calcarea 
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4.5 Class H«xactir>ellida 


Hexactiiiellids arc of the normal sponge shape and 
may be anchored by an expanded flange or by a 
tuft of glassy fibres, especially in tlie deep-sea forms 
(Fig. 4.16). 

Bag-shaped, vasc-like and dendritic lornis are 
known, some with lateral oscula. The skeleton is of 
opaline silica, consisting of large (megasclere) and 
small (microsclerc) spicules (Figs 4.15, 4.16). 

These are well ordered, expressing cubic symme¬ 
try’. I hc inegascleres line the outer and inner walls 
and arc here five-rayed, with the odd r.iy (axon) 
pointing inwards. SLx-rayed nieg.isclcrcs are found 
in the central trabecular and choanocytic layers, 
together with the much smaller stellate or dumb¬ 


bell-shaped microscleres, not often found tossili*# 
Often the megasclcres unite as they grow togetb 
by complete fusion or by the fonnation of silicea 
links between adjacent spicules. In such deepHi 
glass sponges as Euplectelh) the whole skelett 
becomes rigidly united, usually by the growth af 
common sheath of silica enveloping adjacent parsDi 
rays. Here the skeleton fonns a rigid lattice pm 
tected against torsion by spiral siliceous girde 
running round the outside at 45° to the axis. 

Hexactinellids are classified mainly on the basui 
their skeletal characters - the structure of the meg 
and microscleres, whether they unite and how tht 
link, but since microscleres are seldom fossilia 
there .are some difticulties with the taxonomy offo 
sil forms. Hexactinellids can be traced back to d 



(a) AuloroBS»itt 


(b) Thoii»st9r9/la 


Figure 4.16 |o| A deep-sea hexaclinellid gloss sponge, Aulorossella (x 1) ond [h] spicules of Th<^iostere//o (Hexochnellida) 

micro- and megoscleres (x 10). ((a) redrawn from Schulze and Kirkpatrick, 1904; (b) redrawn from Hinde, 1887-1893.) 





bnjii, and many now-extinct groups nourished 
in the Upper Palaeozoic. These sponges were 
jjfectcil severely by the Permian extinctions but had 
■j^overed by the Jurassic, wlien many new taxa 
arose. Order Hexactinosida was very important in 
die Cretaceous but is now nearly extinct. 
■Ikxainnellids were abundant in the Tertiary on the 

f jtoncntal shelves, but since most hexactinellids 
today live in the bathyal and .abyssal zones either 
Atre has been a shift of habitat or the shelf fonns 
have become extinct and only descendants of for- 
r mdeep-sea faunas survive. 


Ibe archaeocyathids are a very early group of cal- 
KBCOus fossils, usually in the fonn of a porous 
hwerted cone, found mainly in lower Cambrian 
TlBlboii.itc facies and persisting only until the upper 
LCanbrian. Their acme was during the lower 
kambnan. but they declined thereafter, becoming 
Ticry rare and confined to cryptic habitats before 
I their final extinction at the end of the Cambrian. 
IThcybvcd in shallow waters, often assisciated with 
■Miutolitcs and forming thickets, localized bio- 
hemi-s or biostromes, »ar as isolated individuals. They 
have been considered to be the first ‘reef-forming’ 
ainuls, but they are usually subordinate in these 
Bch to stroniatolitic algae, growing in clumps or 
jnttcred on the surface. 

* jAtchacocyathids are found in all continents, but 
tlic best-known faunas are in Kussia, South 
Pbtralia and western Nonh America. They are 
dsem from the British Isles and northern Europe. 
Ucre they occur in csintinuous sequence, as in 
Ibissu. they have proved to be of considerable 
■K^aphic.il value. 

K|Ltliacocyathids (Fig. 4.17) are nonnally solitary 
mBusiiis bearing a superficial resemblance to corals 

The skeleton or cup in a typical e.xample such as 
(Class Regulates) is no more than a pair 
I of inverted cones, one inside the other, fomring 
; Mtcrand inner walls which are connected by ver- 
: Bcal radial partitions (septa) and separated by an 
ijaulai cavity (the intcrvallum). A large central 

r uvity seems analogous to the paragaster of sponges. 
Ik lower part of the cup is usually expanded into a 
[kul flange with roor-hke holdfasts. 
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Figure 4.17 Archoeocyathid morphology modelled on 
Ajackycrihus (Com.; x 1.5). (AAodified from Hill in Treatise on 
Invertebrate Paleontology, Port E.) 

The outer and inner wnlls are perforated by 
numerous holes arranged in longitudinal rows; the 
septa are sfsarsely perforate. In most archaeocyathids 
the outer wall has small pores whereas those of the 
inner wall are much larger. The microstructure of 
the cup is of polyinicrocrystalline calcite, usually- 
altered by diagencsis. 

While Ajadq'itlliih is of relatively simple construc¬ 
tion, other archaeocyathids may have perforated 
walls and septa, and also accessory structures crossing 
the intervallum (Fig 4.18). 

These include radial rods, perforate transverse 
plates (tabulae) and imperforate arched plates (dis¬ 
sepiments). These elements tend to be concen¬ 
trated towards the base of the cup. A few genera do 
not have an iimer wall; some of these are very flat¬ 
tened cones, nearly discoidal in shape. Outgrowths 
from the outer wall are quite common and include 
tubular rods, tubercles or simply dense irregular 
masses; the latter apparently grow as a defensive 
mechanism where neighbouring specimens contact 
the individual m overcrowded conditions. Though 
most archaeocyathids arc conical and solitary some 
rare colonial fonns arc known, with individuals 
being either arranged in chains or branched and 
shrub-like. 

The usual size of archaeocy-athids is Kl-25 mm in 
diameter and up to 50 mm high, though specimens 
can reach a height of 150 nmi and a few giants 
exceed this range. 

Most archaeocyathids, like Ajiidcyatlius, belong to 
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Figure 4.18 Structure of the orchaeocyothid Metaldetes shown 
in cross-section (left) and oblique longitudinol section (right) with 
rodiol septa. (Drawn by E. Bull from photographs in Debrenne 
and James, 1981.) 

Cihiss Kfiiularcs, I’lie other class, Irrcti^ilarfs, has 
fewer nienihers, distinguished by irregular pore 
structures on both walls and often an irregular out¬ 
line of the cup as well. 


Soft parts, organization and ecology 

Ihc soft tissues of archaeocyathids are quite 
unknown, though they presunubly possessed 
choanocytes, like those of other sponges. One useful 
pointer to their biological ‘grade’, however, is their 
capacity to regenerate the lUp where Llainaged, which 
peunts to a quality of organization and ‘individual 
integrity' at least as good as that of the living bonfera. 

Most authorities agree that archaeocyathids were 
filter fecslers, actively pumping water through the 
cup and straining off the food particles, perhaps with 
choanocyte-like cells, but the filtering function is 
not obvious in Irregulares. Flume tank experiments 
using model archaeocyathids (Balsam and Vogel, 
1973) suggest that ‘passive flow’ without flagellar 
pumping mav have been important. The models 
were fixed in a flume tank in a laminar current 
whose strength could be varied. In this current a 
velocity gradient was established, generating a scc- 
ondars' flow from the outer wall through the inter¬ 
vallum and inner wall to the central cavity and out 
through the osculum. Short, stout archaeocyathids 


were found to be better adapted to rapid cui 
velocity than tall, slender ones. Apparently the coiv 
ical shape of archaeocyathids, and in particular tkl 
large excurrent opening, was well adapted for tht 
generation of such passive How. Though the pai 
generation of currents may well have been inipot- 
tant. It is unlikely that the archaeocyathids ah. 
doned the useful flagellar pumping system de 
by their presumed protozoan ancestors, and feedi 
may have been a dominantly active process cc<v| 
nomically boosted by the passive flow coniponcnf 

Archaeocyathids have been regarded by many 
‘nature’s first attempt to make a multicellular sb 
tal organisin’. But the success of other kinds (»'| 
sponges may well have been an important factor li 
their early extinction. 

Nearly all archaeocyathids come from carbonik 
shelf sediments deposited m warm seas. They com¬ 
monly adhered to the substrate by holdfasts or sin* 
lar devices, though in some of the cup-like fonii 
found in soft sediments the holdfasts were very Miu; 
or absent. They are most commonly associated w;il 
algal stromatolites; however, they also occji 
between and around the algal reefs and in hcdiW 
limestones with trilobites, brachiopods .ml 
hyolitbids, but very rarely with other sponges. 

There is evidence from their occurrence in watt 
smashed, tumbled blocks and their common assocr 
ation with algae that they were depth limited, ikj 
optimum being 2fl-3(l m, individuals bccoraiw 
smaller and fewer down to I Ob m. Their mode 
growth is shown from a life assemblage of nu| 
Lower Cambrian age from Australia (Fig Llf 
Brasier, 1976). 

In this fauna many species of Regulares wciA 
found clustered together, growing in the same gew 
era! direction and reaching heights of up to 90 mm 
Irregulares are present but fewer. The lart'ae alwjjj 
settled on dead archaeocyathids and usually on lll( 
outer wall near the top. Where the juvcii 
attached they fixed themselves by cxothecal o 
growths. Irregular masses of cxothecal nuti 
formed where individuals of the same and diffei 
species come into contact suggest competitive ii 
actions - perhaps the oldest known case in the 
record. In this fauna a miente layer surrounds 
cup, the work of the problematic encrusting on 
ism Renakis, which bound the arch.ieocyathid c 
munity together and so enabled it to be preserved; 
a life assemblage. 
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rocyJthids. t')ne interesting tauna described by 
renne and James (1981) from Labrador and the 
mig coast of Newfoundland is of late Lower 
ibnan age. It consists only of Irregulares, and 
itjli only a very few species are present these arc 
Jascly packed. The paucity of species may be 
lutic by this stage the archaeocyathans were 
iiiiig fewer in any case, file archaeocyathans 
;cur either with tabular biostromes or with small 
Jfch reefs (biohenns), where they may comprise up 
ij»5(l%ofthe total volume of the rock. Subsidiary 
iWs include trilobites and brachiopods together 
wii cchinodenn and hyolithid debris. In this rock 
Kipm'i MvlMctes (Fig. 4.18) may be of stick-like 
cup-like form and individuals are surrounded and 
Itlded together by an extensive 'cocncnchyme', 
thjt the cups have a massive habit, resembling 
itofcorals, and from the coenenchyme numerous 
IWsjre found to swarm. 

ibMuiy archaeocyathids are solitary, and these are 
«*cully common in the early part of the 
IKjnbriaii. Subsequently the modular fonns became 
“wecommon and successful. In these the organism 
whole consists of repeated tlinctional units or 

f viiiuals with soft-part continuity' (Wood cf al., 
2). Such modules may be added to any part of 
whole organism, which is then able to grow in 


various directions. Modularity has proved especially 
appropriate for reef-building archaeocyathans; they 
can grow larger, they have improved regenerative 
powers and they can encrust substrates. Indeed, 
archaeocyathans were the first of all skeletonized 
metazoans to have developed modularity. It was, 
however, only the forms with perforated septa 
which became modular, presumably because soft- 
tissue connections arc essential for such to develop. 
1 he degree of integration varies in archaeocyathans, 
as with corals. The less well-integrated forms are 
'pseudocoloniar, i.c. they consist of many relatively 
similar linked elements, and the branching forms of 
these were the most successful and long-lasting of all 
archaeocyathans. They were common in early 
Cambrian reefs, where turbulence, sedimentation 
rates and nutrient supply were fairly high. Other 
archaeocyathans, hovv'cver, became increasingly 
well integrated, especially the massive laminar or 
columnal types, so the whole organism may be con¬ 
sidered as a single individual, rather than an aggre¬ 
gate of separate modules. This is particularly the case 
in the Irregularcs, some of which bear a striking 
resemblance to stromatoporoids. 


Distribution and stratigraphic use 

Archaeocyathids are found in all continents, though 
their distribution is patchy; none are reported from 
the British Isles. Their abundance in the Lower 
Cambrian of the USSR has enabled very precise 
time ranges to be worked out for over 100 genera 
and used stratigraphically most successfully. The 
oldest known species come from the Tommotian 
stage in Russia ^Laaben, 1981). They diversified in 
the subsequent Adtabanian, reached an acme in the 
Botomian, and declined greatly in the Toyonian 
stage which tenninated the Lower Cambrian. 
Species are few in the Middle Cambrian, and only 
one Upper Cambrian survivor has been recorded 
from Antarctica. There is some evidence of prov¬ 
inciality, with three or more provinces in the 
Botomian, limiting intercontinental correlation 
using archaeocyathids. Even so, the Russian work 
has shown the potential stratigraphical value of these 
remarkable extinct poriferans, whose zonal use will 
undoubtedly increase as the faunas bectaine better 
known. 
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in rccftabrics. 

Kith faunas of vancd middle Cambrian demo- 
sponges and hcxattinellids arc known from the 
Burgess Shale and from Utah. In the latter region 
they are often preserved Hattened but complete (Fig. 
4.14), and they have recently been described in ele¬ 
gant detail by Rigby (19S3, 1986). 

Hcxactinellids through time seem to have been 
mainly confined to the ‘otT-reef facies in deeper 
waters, whereas demosponges and calcareous 
sponges preferred shallower waters. Ordovician 
lithistid sponges, especially in the carbonate lacics of 
North America, were quite important as frame 
builders in stroniatoporoid, bryozoaii (Rigby, 1971) 
and algal reefs, sometimes being as much .is halt the 
total reef volume. From time to tune in the 
Palaeozoic there were quite extensive localized 
developments ot sponges, such as the rich Silurian 
sponge taunas ot Tennessee and the Devonian and 
Mississippiaii glass sponges ot New York and 
Pennsylvania, but these were not associated with 
reefs. 

In the Permian the sponge faunas associated with 
the Texan rect complex are very well know'n. Here 
the calcisponges derived troin Carboniferous shelt- 
livmg faunas became increasingly important on the 
patch reefs and fm.\lly on the barrier reefs, whereas 
hexactmelhds as usual prc'terred the latf-rect mar¬ 
ginal tacies. Some well-developed Triassic sponge 
reefs occur in the Alps; in conti'ast, the Jurassic 
sponge reefs of southern Ciemiany, which arc very 
well known, contain sponges as primary traine- 
buildcrs. Here the sponges are mainly siliceous thin- 
walled forms, often preserved in life position, 
foniiing small sponge mounds, which occ.asionally 
grew to great size and united to produce large 
masses. But these sponges did not raise themselves 
tar above the substratum, fomung thin flat 
biostromes rather than true reefs. C7ther organisms 
are rarely associated with these Jurassic biostromes, 
being unable to provide suitable anchorage. Many 


Spicular sponge reefs 


In the Jurassic there developed various and iiiiidi- 
studied kinds of sponge reefs. In Normandy, foi 
example, small Middle Jurassic bioherms were buiii 
up by the lithistid P/.i/yr/ioiiiii (Palmer and Fiirsidi, 
1981), individuals of which cemented to each othn 
to fonn a rigid framework. These probably grew in 
the lower photic zone, below normal wave base bin 
above storm base since some of them show signs d 
storm damage. A low-diversity community doniK 
nated by the oyster AtreUi grew on the upper sut- 
tiice, while the quieter-water Iciwer surlaco 
supported a very rich assemblage of encrusting cab 
sponges, cyclostome bryozoaiis and stTi.ill th«-f 
cideacean brachiopods, all of which were suspcmiui 
feeders. Small nesting brachiopods, vagile echiiioKi 
and starfish and boring worms and bivalves alw 
colonized the reef, whereas erect bryozoaiis livd 
on the inter-reef mud surface. Thus a diverse bin 
balanced ecosvstem based upon the frame biiililfl 
Phuyclwiiid was able to develop. 

'Fhese small reels contrast with the much ht^ 
Upper Jurassic sponge algal reefs of southeti 
Clennany, which grew to some considerable hciislit 
above the sea floor. In these (e.g. Fliigel and Stei(p. 
1981) the dominant frame builders arc hexactiiiflM 
and lithistid siliceous sponges, but calc.areous ilp»; 
also played a dominant role. The sponges nuyW 
cup-shaped or discoidal, depending on whetliB 
they grew on hardgrounds or soft surfaces, rcspftJ 
tively. In the best-studied examples growth 
cyclical and the reef built up m stages. An iniB 
sponge layer was covered by marl and killed, tlwj 
more sponges grew on top. These died in t™ 
and thus growth of further sponges continiiti 
sponge and marl layers alternating. FenodiciJ 
cyanophycean algae grew on top of the dead spoii| 
layers aiiii towards the top of the reefs these bee- 
dominant. There was a great de.al of postnu 
rccrystallization and dissolution in the reefs 
that the original fonn of the sponge 


Co 


Throi 
(stron 
have ( 
Sor 
to ha 
sediiii 
Strom; 
They 
wirhii 
withii 
blocks 
(Zliur 
.Ittr.ict 
runme 
archac 
borers 
Much 
fonn c 
archac 
.separat 
surface 
‘safe h, 
floor. 

The 
and N 
Bclaw: 
cnorrin 
ceiling! 
incliuli 
(.hher 
coinmi 
Ghji/c/i 
ti ai, I 
the pre 

Chat 




Ilhvays preserv'cd. Some microinorphic faunas of 
•phalopods and brachiopods are sonietinics associ¬ 
ated with the sponge reefs, but often no suitable 
nchorage could be provided and other org;inisnis 
Ijtcrarc. Stick bry ozoans in places fonned meadows 
] between the sponge beds. 

Most Cretaceous and 'I'crtiary sponges, though 

1 locally abundant, do not .seem to have been reef 
ttlatcd, Jackson li u/. (1971) have described Recent 
Jcoralline’ sponge brachiopod communities, which 
lie also of palaeontological interest. 


Calcareous sponge reefs 


oughout geological time, archacocyathids 
atuporoids, chaetetids and sphinctozoans) 
luve contributed in various ways to reef formation. 

I Sonic archaeocyathids were able to fi.x themselves 
]ii>hard substrates. Others tended to root in soft 
nicnts. They are often found associated with 
omatolite reefs but their contribution is minor. 

' Tlin flounshed, however, in ‘cryptic' habitats 
within the early Cambrian reefs, in grottoes, cavities 
within the framework, and on the undersides of 
^ blocks of debris and spircading skeletal organisms 
/Jiunlevand Wood, IWS). Such crypts offered an 
Lffiractive habitat, with reduced exposure and envi- 
|•ralmental stress .and housed solitary chambered 
ifchacocyathans, calcified cyanobacteria and micro- 
borers, spiculatc sponges and other organisms. 

, Much of the biomass of the reefs was actually in the 
[4imi of crypt-dwellers. l-rom the earliest Cambrian, 
irhieocyathans appeared simultaneously, but in 
iparatc associations both in crypts and on the open 
it'jcc, and it is unlikely that the crypts served as 
¥c havens’ for former denizens of the exposed sea 
ioar, 

The immense Permian Capitan Reef of Texas 
cid New Mexico rims the margin of the .incient 
lldiware Basin. Some parts are characterized by 
(snmioiis platy sponges, Gi^’niitospon^ia, fonning the 
^Kilings of great cavities housing a rich cryptic fauna, 
including pendant sphinctozoans and bryozoans. 
Other regions have a founder bryozoan-spongc 
Winimnity vvath the smaller pilaty sponge 
Jdilfiii/iiii, but likewise with a cryptic fauna (Wocad 
til., 1991)). As with the Cambrian reefs, most of 
yhfprcservable benthos was housed in the crypts. 
|Chiictends and .sphinctozoans are often .issociated 


Sponge reefs 

with reefs, but the major sponge reef foniiers 
were the stromatoporoids. Many Palaeozoic stro- 
nuitoporoids were reef builders and. since they had 
geologic.il requirements similar to those of reef- 
building tabulate corals, the two are often found 
together .is frame builders. Stromatoporoids, in 
general tcniis, tend to displace tabulates in high- 
energy environments. 

Four basic growth fonns are found amongst 
stromatoporoids: laminar, domical, bulbous, and 
dendroid (Kershaw, 19S4, 1990). In Devonian reefs 
the large domical kinds (‘ballstones’) and laminar 
forms arc associated with high-energy conditions on 
the reef crust and are major frame builders. 
Dendroid and small bulbous fonns preferred quiet 
water conditions in back-reef lagoons. There is a 
direct parallel here between these and living corals. 

Very large recf-building stromatoporoid masses 
are often found to h.ivc marginal invaginations of 
sediment and inclusions of sediment witliin the 
coenostcum, indicative of cessations of growth for a 
time. Tongues of marginal sediment may be found 
on one side of the stromatoporoid m.iss, suggesting 
banking up of sediment on the lee side. The growth 
of such masses is often asymmetrical, and they often 
seem to lean over into the current, from wliich, of 
course, their food came. The most spectacular 
Palaeozoic reefs built largely by stromatoporoids arc 
those of the Silurian of Clotland, where they fonn 
huge reef masses up to 20 m high and 200 m in 
diameter. In these biohenns stromatoporoids were 
dominant and corals and other elements subsidiary. 
The stromatoporoids in these reefs developed 
various growth strategies and a variety of responses 
to environmental pre-ssures. Abrupt changes in the 
direction of growth are due to the shifting or over- 
runiing of the coenostcum, hence the stromato¬ 
poroids record the various events that have taken 
place while they lived (Kershaw, 1984). Other such 
Silurian reefs occur in the Great Lakes Region 
of North America (Heckel and O’Brien, 1976)^. In 
the Wenlock of the Welsh Borders a giant coral 
stromatoporoid reef, with subsidiary bryozoans, 
formed a marginal barrier between an outer deeper- 
water zone in which reefs were absent and an inner 
shallow-water region where smaller reefs abounded 
(Scoftin, 1971). The acme of coral—stromatoporoid 
reef development was in the Devonian, and 
immense reefs of this age are found in southwestern 
England and in Alberta. Mesozoic stromatoporoids. 
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whicli were in many ways dissimilar to timsc of the 
Palaeozoic, were not generally reel fomiers. 

It seems that sponges of various kinds were able 
to secrete strong calcareous skeletons in response to 
environmental opportunities, at different times 
throughout geological history. Such large colonial 
forms are very good at colonizing hard substrates. 
Yet living sponges with calcareous skeletons arc 
few, and of low diversity, and arc confined to cryp¬ 
tic habitats. The decline of coralline sponges, and 
especially the stromatoporoids, after the early 
Mesozoic is probably correlated with the rise of 
reef-building scleractinian corals. Wliereas Uving 
calcified demosponges have much tougher skeletons 
than do scleractinians, the latter grow very much 
more quickly. Such rapid growth is a consequence 
of their symbiotic relationship with zooxanthellae. 
These corals can thus colonize available space very 
rapidly; they arc ideally constituted for building 
reefs. 

Coralline sponges, however, lack zooxanthellae. 
Since the rise of scleractinians they have been 
unable to compete .is reef formers, and have lost 
their fonner dominance. They now exist only as 
relicts living in dark ,ind cryptic habitats where her- 
matypic corals cannot penetrate. Yet it is these few 
survivors, the modem sclerosponges, undiscovered 
until recently, which have enabled a substantial 
reinterpretation of the Phylum Porifera to be 
effected. 
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Cnidarians 


5.1 IntroducHon 


Corals, sea anemones, jellyfish and the small colonial 
hydroids are all representatives of Phylum Cnidaria. 
They were fonnerly grouped with the ctcnophores, 
‘sea gooseberries' or ‘comb jellies’ (Fig. 5.3a) in 
Phylum Coelcnterata, but cnidarians and cteno- 
phores arc now regarded as separate though related 
phyla. Ctcnophores are globular or elongated gelati¬ 
nous organisms swmuning by serried combs of fused 
cilia arranged in rows. They catch food with their 
long tentacles, which generally arc armed with 
adhesion cells for catching prey; one species alone 
has stinging cells. Until recently they were believed 
to be tire only phylum with no fossil record, but 
two spccimcas found in the Lower Devonian of 
Hunsriickschiefer (Chapter 12), and revealed by X- 
radiography (Stanley and Stiirmer, 1983), extends 
the known range far back in time. 

Cnidarians are the simplest of all true metazoans, 
but they are of an evolutionary grade higher than 
sponges since their cells arc properly organized in 
tissues which arc nonnally constructed on a radial 
plan. The cell wall is diploblastic, having cells 
organized m two layers only (Fig. 5.1a—c). 

These are the outer ectoderm and inner endo- 
deriti, which have no body cavity between them 
but only a jelly-like structureless layer. In tliis 
mesogloea runs a simple nerve net. The mcsogloea 
is sometimes invaded by cells from the two primary 
layen. The single body cavity (enteron) has only 
one opening, the mouth, which also serves as an 
anus and is normally surrounded by a ring of tenta¬ 
cles. It is lined by endoderm which is sometimes 
infolded to form radial partitions or mesenteries, 
increasing the area over which digestion may take 
place, for the pnmary function of the endodenn is 
digestive. The cells of the endodenn ingest food by 


lal 


means of amoeboid pseudopodia: altenutiti 
they can extend flagella into the enteron to stii 
contents. 

I’hc cells of the ectoderm are more highly ilil 
entiated. Of these the principal types arc 
musculoepithelial cells - columnar cells withci 
tractile fibres — and there are also sense cells Icadii 
to the nerve net below. In addition there 
ectodennal stinging cells, the nematocysts 
5. Ic,c). These are large cells with a sealed cui 
cavity containing poisonous fluid, within which 
a tightly coiled elongated tubular thread cai 
barbs and stylets in.side it. A small sensory hair on 
outside of the nematocyst, the cnidocil, is scniil 
to vibrations in the water, and when a small orgni 
ism passes close to the cnidarian it triggers the ncii 
tocyst to discharge. When this happens the 
cavity is intensely compressed by strong iiii 
fibres and the seal breaks; the thread is shot out 
great force, turning inside out as it extends so m 
expose the spiral barbs, which penetrate the prey 
that it is injected and paralysed by the poi 
Batteries of nematocysts are found on the teiii 
which all discharge together. The captured pit' 
held fast by the threads, is conveyed to the moulii; 
the tentacle then bends into it. Further traiisportt' 
food is by mucus strings. 

Cnidaria are characterized by a life cycle in wkr 
successive generations are of diflerent kinds. TSf 
alternation of generations or temporal pi 
morphism is typical of the less specialized Cmi 
but may be suppressed entirely in the ni 
‘advanced’ kinds. Two types of individual, tbeiW' 
mally fixed polyp (Fig. 5.1a) and the free mei 
(Fig. 5.1b), alternate successively so that the 
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tentacle 


mouth 


endoderm 


manubrium 


thread 


mesenterv 


endoderm 


ectoderm 


ectoderm 


cnidocil 


musculo-epithelial cell 
sense cell 
nematocyst 


poison sac 


mesogloea 


nerve net 


manubrium 


gastrozooid 


tentacles 


inatubrium 


dactylozooid 


medusa 


ampulla 


gonotheca 


gonad 


Hydranth 


Coenosarc 


zygote 


planula larva 


t 5.1 |a) Schematic diagram showing cnidarian hydroid cut longitudinally; (b) cnidarian medusoid 
doeo above the manubrium; (c) body wall of a cnidarian, showing details of the diploblastic structure; (d) Obe 
ie cycle (x 25); hydroid phase (left), medusoid (right) from below; (e) dischargea nematocyst, showing spin 
of me thread; (f) Milleporo (Cret.-Rec.) - longitudinal section (above) and surface view (below) (x 10); the s 
Illy been budded off from the ampulla, [(d) M^ified from an illustration in Borrodaile etal., 1956; (f) based 
limo in Treatise on Invertebrate Paleontology, Part F ] 
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ioniung a kind of circiibtory system for dissolved 
food matcnal. The tentacles hang down freely 
beneath the outer nni, each usually carrying at its 
base an organ of balance or statocyst. 

Since medusae arc the sexual as well as tlie disper¬ 
sal phase of the cycle, they carry the four gonads, 
one of which is located along each of the primary 
radial can.ils. When the gametes arc ripe they arc 
shed by rupture of the gonad wall, and fertilization 
takes place in the sea w'ater. The zygote then devel¬ 
ops into a small ciliated planula larva. At firet this 
has a solid core of endoderm, which eventually 
develops a central cavity, and settles down to 
become the next polyp generation. 

Medusae move by rhythmic pulsation of the bell¬ 
like body through highly modified niusculo-epithe- 
lial cells. They nonnally die after reproducing. 

Though alternation of generations seems to have 
been basic to the more generalized Cnidaria, such as 
most of Cla.ss Hydrozoa, it has been modified or 
suppressed in others. In Class Scyphozoa the medu- 
soid phase is dominant and the polypoid phase very 
reduced, whereas in Class Anthozoa the medusoid 
has been eliminated entirely and the polypoid phase 
has become the sexual generation. 

A description of the major divisions of the 
Cnidaria (simplified) follows. 


S.2 Major charactorisHcs and class«> 
of Phylum Cnidario 


The Cnidana (Precam.-Rec.) are metazoans with 
radial or biradial symmetry. They have body walls of 
ectoderm .md endoderm separated only by 
mcsogloea; a single body cavity (enteron) with a 
mouth but no separate anus; a simple nerve net; and 
no separate excretory or circulatory systems. 
Nematocysts arc present. They may be solitary or 
colonial, and they are often polymorphic with alter¬ 
nate polyps and medusae. Many have calcareous or 
organic skeletons and they are frequently colonial. 
There are three classes; 

ClASS 1 HYDROZOA (I’recain.-Kcc.): See below, 

CLASS 2. SCYPHOZOA (Preeam.-ILcc.): Most large jellyfish. 
CLASS 3. ANTHOZOA (I’rccani.-Rcc.): Coral.s, sea .incnioncs, 
gorgonians, sea pens. 



The Hydrozoa are usually polymorphic, with radii 
and often tctrameral symmetry. Several hydro 20 l| 
orders embrace a wide range of fomis: 


ORDER 1. HYDROIDA (Cam.-Rec.): Have colonial ms* 
polyps and planktonic medusae, e.g. Ohelia. 

ORDER 2. TRACHYLINA (?Iur.-Rec.): Free medusae only, ik 
polyp stage having been suppressed entirely, e.g. Piiasiti 
ORDER 3. HYDROCORALUNA (Tert.-Rec.): These scaettJ 
calcareous skeleton and are often reef formers, e.g. Milttfit 
Styhistcr. 

ORDER 4, CHONDROPHORA (Precam.-Rec.): The hydwl 
phase is a single large polyp, floating at the surface byan^ 
filled float. Reproductive phase Ls a free medusa, e.g. I'Vlefc. 
Porjiila. 

ORDER 5. SIPHONOPHORA (Rec.): Large and complex fl(» 
ing colonics, not known as fossils; extreme polymorphisitk 
zooids, no free sexual medusae, e.g. Pltysalia. 

ORDER 6. SPONGIOMORPHIDA (Trias.-Jur.): Form miM 
colonies with radial pillars united by honzontal bars, «l 
structures resembling the astrorliizac of stromatoporoids 


Order Hydroida 

Hydroids arc rather gcncr.ilizcd hydrozoaiis ■ 
which there is a chitinous cxtemal skcletn 
(perisarc). The order includes three stibordi® 
Elcuthcroblastina (free solitary n.iked fomis, ik 
pond Hydra being one), Calyptoblastiiia aik 
Gymnoblastina. Ikepresentatives of the latter ro* 
suborders are occasion.illy found in fossil tom 
Ohelia (Suborder Calyptoblastiiia; Fig. 5.Id), t 
standard e.xample of a colonial hydroid, has i 
hollow root-like structure for attachment troB 
which branching tubes arise, giving rise it 
polyps (hydranths) alternately on each side. Thf 
perisarc is annular in places, especially below tht 
cups (hydrothecae) which surround each polvT 
Though each polyp is an individual, the poly|i 
are all connected together by a tubular systtt 
(coenosarc) through wliicli the enteron continm 
Each polyp has many tentacles and a prominent biil> 
bous funnel or manubrium upon which the mouil 
is set. Towards the base of the colony are cyhndnt^ 
gonothecae; flask-shaped structures with a cofr 
stneted aperture. Within each of these is a ccnnfl 
stem arising from the coenosarc, and from thisihJ 
medusae fonn, being budded off continually haul 
the upper end of the stem as they mature. TheA 
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Cilyptoblastina; in the Gymnoblastina the medusae 
fcim directly from the coenosarc without being 
bdosed. and tliere is no liydrotlieca. 

bssil chitiiious hydroids are well known in the 
jOidovirian and have been recorded from several 
politics. The calcareous tubes of several Mesozoic 
fflj Tertiary serpiilid tube-wonns (e.g. Parsiinoiiiti) 
at often found infested by a colonial organism 
ihtahpliila) which has been interpreted as a 
bdroid buried in the outer part of the calcareous 
fjk(Scrutton, 1975; Fig. 5.3b). This has two com- 
fments: polyp chambers, and stolonal networks 
ibich connect them in a regular scale-like pattern. 
Tlicpoh'ps grew around the mu and were probably 
Korporated into the tube as the serpiulid grew, 
fcnniiig polyp chambers opening through semicir- 
alir apertures. This hydroid-serjsulid association 
J'H probably symbiotic or commensal, in the same 
wv that several species of the modem hydroid 
Htsddactyhi arc symbiotic with tubular sabellid 

Phiiuloptiila would have been able to feed 
«m.- of the supply of food particles drawn in by the 
^(ding anns of the womi, whereas the serpuUd 
Eitii probably derived some protection from the 
SBUtocyst batteries of the hydroid. It must have 
etcii a successful a.ssociation, for the degree ofinfes- 
laitin IS sometimes as high as 95% and infested ser- 
I piliils are found in beds ranging from the Middle 
to the Pliocene, 170 Ma in all. 


Figure 5.2 Millepora, a Recent specimen from Barbados 
(x 0.35). (Photograph reproduced by courtesy of C. Chaplin.) 


surface and capable of retracting into the tube; 
the gastrozooids, which are purely manubrium¬ 
like mouths; the dactylozooids, which are elon¬ 
gated tentacles with batteries of nematocysts; and 
the ampullae, which produce medusae. All these 
on are connected by soft tissues mnning through the 
horizontal canals. This kind of colony illustrates an 
m effective 'division of labour’ and consequent modi¬ 
fication of the zooids. 

Xlillepora in its natural reef habitat is very variable 
in fonn. The millepores of Barbados (Steam and 
Riding, 1973) cither encrust dead corals or gorgoni- 
ans in thin sheets less than 1 cm thick, or fonn ‘box- 
work’, i.e. tliick near-vertical blades joined along 
their edges to form box-hke, subangular, upward- 
opening cavities up to 30 cm high. Alternatively 
Order Hydrocoraliina they may be bladcd, i.e. with erect blades buttressed 

by other blades, making colonies up to 50 cm high, 
Tlif hydrocorallincs (milleporincs and stylastcrincs) or branching, up to 20 cm high, with delicate or 
Kfliydrozoans which superficially resemble corals stubby branches. 

sdmaybe quite important in some modern reefs. It is possible that the boxwork, bladed and 
iMijwrii (Figs 5.It, 5.2) has a thick laminar calcare- branching tonns are distinct non-intergrading 
w skeleton of many vertical tubes with cross- biospecies, but the encmsting fonn grades into the 
,atitioiis connected by thin horizontal ramifying others and is probably an environmental growth 
_ fomi of the other species, being most common in 

The soft tissues mvest only the upper part of the shallow water or encrusting gorgonians. The habitat 
dritton, degenerating in the older lower layers as preferences of the other species seem to be governed 
»skeleton builds up. There are three types of ver- by water turbulence, boxwork fonns being the 
Ml tube, each with its own zooid arising from the strongest and bladcd the riiost delicate. 









5.3 (a) A ctenophore, showing four of the 

xl (x 1): |b) Cretaceous serpulid worm infest^ bv tt^ 


106 Cnidarians 


(a) Pleurobrachia 


(b) Parsimonia 


(d) Kimbarella 


(h) Pennatula , 


(a) Gorgonia 


(I) Paraconularia 


-living hyflniids 


, (Xiiyp cl'dmbers 


coenenchyme 


[ng cTetoil of ihe rim of the serpulid with l-ving hydro|d^ '"XL^on^Xtomo releasing ep lorvo; (dj inter^ ^ 
chambers linked by connecting stolons, (c) s o „ Recent Corqonia with visfcle polyps Isee (I), (gll; Ifl, IqI* 

Kimberella. o probable Pr^amVian central d^s ond spicules |x200|^ 

through gorgonian stem with ®'g^t-arrned polyps se _ir„m -Perm 1 - oossiblv of cnidorian affinities; (k) Tut 


4.r;;;:gh gorgonian stem with eight-arrned polyps set into 
Pennatula, a Recent sea pen (x 0 


Treatise on Invertebrate Paleontology, Part F; {|) redrawn from Slater, IVU/.] 
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5.4 Closi Scyphozoci 


jHic Scyphozoa arc t’rcc-swiinming medusae, 
lOtirely niannc and usually with radial symmetry 
.bed on a tetramerous plan. The sessile polyp stage 
(Fij{. 5.3c) is called a scyphistoma, which buds by 
.frobilation 

This means that towards its upper end it is eon- 
■Ibnully growing and being divided by transverse 
||oovcs. so that a pile of small medusae fonns, one 
('ll top of the other, and are released in turn to break 
he as ephyra larvae, the luvemles of the adult 
jfiytlsh. 

Few jeUyfish arc found in the fossil record. Of 
ibesf. some arc found .is compressions in very fine 
tdiment; others, including at least some of the 
hbcaniii fauna, are preserved as sand infiUmgs of 
At gut cavity (but see C.'hapter 3). The Frecambnan 
nil,I from Ediacara is preserved as positive 
ipositc moulds. It is a primitive scyphozoan of 
Irate fomi (Wade, 1972), possibly related to the 
hrogcubomediisans. and the gonads adhered to the 
fliiul canal and projected into the central cavity of 
tbc bell. 

One group of problematic fossils, the Conulata 
I^Bilanids) (Cam.—I'rias.) appears to be of scypho- 
tan affinities. These are steeply pyramidal phos- 
|bic fossils (Fig. 5.3j), which have a quadrate 
PB-<ection and often marked herringbone ridges 
iittii the sides. Whereas they have been referred to 
mous groups (chordates, annelids or an extinct 
|bylum; Babcock, 1991), reconstructed cross-sec- 
'^idirougli Eocoiiidaria lonilata from the Silurian of 
Uitlinil. show a four-branched internal partitioning 
ully identical to that of living coronated 
izo.iiiv Oerre, 1993, 1994). Likewise in three- 
iiiiii.il conulariids from the USA (van Iten, 
PI; van hen ct ai, 1990) internal structures arc 
Wiimilar, and moreover the ultrastnicturc reveals 
irikiiig resemblance to the thecae of coronated 
ozoaiis. and an evident similarity in mode of 
itli and injury repair. There is stimc evidence of 
latioii and, in three-dimensional specimens 
Ml Spain, of longitudinal fission. Possible tentacles 
live been rcportecH below the pyramidal structure 
rare instances and one rather flattened genus 
jbe/w/W/i.') resembles a medusa. Conulariids, 
[teefbre now seem to be related to coronate 


scyphozoans, independently acquiring a phosphatic 
exoskcleton. 

Conulariids arc not often preserved because they 
broke up easily .after death, bur the presence of very 
numerous fragments dissolved nut of limestones in 
Gotland testifies to their fonner importance as a 
common component of Palaeozoic faunas. When 
they are found whole, they may be solitary, or 
occur in monospecific (possibly clonal) assemblages 
attached to tubes or nautiloid shells. 


5.5 Class Anthozoa 


The Anthozoa are polyps with no trace of a medu- 
soid stage. Anthozoans (corals, sea anemones, 
gorgonians and sea pens) arc solitary or colonial, 
entirely manne cnidarians. The polyps produce 
gametes which develop directly into planulae larvae 
after fertilization and thence to a new generation of 
polyps; the medusoid generation has been elimi¬ 
nated entirely. They resemble hydrozoan polyps in 
many respects, though they are often very large. 
They always have a tubular gullet or stomodacum 
leading down into the enteron, which hydrozoan 
polyps do not have. I'he intenor itself is divided by 
radial partitions (mesenteries) whose number and 
morjihology is important in the subdivision of the 
cla.ss. 

Those that secrete hard parts, and especially the 
corals, are of great geological importance, often 
forming thick beds in the Palaeozoic and sometimes, 
in a.ssociation with stromatoporoids, reef-like 
masses. From Tertiary time onwards true coral reefs 
of vast thicknesses have fonned. and corals living as 
reef formers are probably more important now than 
at any other time. 

Anthozoans are grouped in three subclasses: 
Ceriantipatharia, Octocorallia and Zoantharia. Only 
the last of these, which includes the corals, will be 
considered in detail. 


Subclass CerianHpariiaria 

Ceriantipatharia are solitary' or colonial polyps 
which for morphological reasons are placed apart 
from other groups. They are virtually unknown as 
fossils. 
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Subclass Octocorallia 

Octocorallia (?Prccam., Ord.-Rec.), poorly known 
as fossils, are especially represented by the gorgoni- 
aiLS (Order Gorgonacca) conunon in many modem 
coral reefs (Fig. 5.3e,f,h). The colony fomis a flat fan 
of anastomosing branches. The skeleton consists ot 
homy branching tubes, each ot which may have a 
central calcified core. From the outer surface of the 
branching tubes project the many small polyps 
(autozooids), each of which has eight tentacles, 
characteristic of the subclass. These autozooids are 
set in a thick gelatinous outer coating over the 
branching tubes, within which are set innumerable 
calcareous spicules which help to support the auto- 
zooids. These are the only part to preserve as fossils, 
and only from them can the former presence of gor- 
gonians be inferred. 

The fossil record of octocorals is sparse, but 
recently organic skeletons believed to be of gorgoni- 
ans have been found in rocks as early as the Lower 
Ordovician (Lindstrdni, 1978). Furthermore, abun¬ 
dant spicules of Lower Silurian age, usually isolated, 
but sometimes found in nest-like aggregations, have 
been shown to belong to octocorals ot Order 
Alcyonacea (Uengtson, 1981). These warty, spindle- 
shaped spicules of the genus Atrartosflla, once thought 
to pertain to sponges, are virtually indistinguishable 
from those of modem alcyonaceans, hence this gi'oup 
has much more ancient origins than was fomierly 
believed. Atmtosella probably lived on a sand-gravel 
sea floor; it was not a reef fomier. 

Heliopora (Order Coenothecalia) lias a massive 
aragonitic skeleton, bright blue in colour. It is an 
important reef fomier in the Indo-l’acific province. 
Its similarity to the tabulate Hcliolilcs has suggested 
that the latter is a Palaeozoic octocoral, but this 
resemblance is far more likely to result from conver¬ 
gent evolution. 

The red octocoral Tiibipora, the ‘organ pipe' coral 
(Order Stolonifera), has polyps inhabiting long 
homy tubes (Fig. .“i.dk) and often forming large 
colonial imsses. The sea pens (Order Pennatulacea; 
Fig. 3.3h) are another kind ot octocoral. Here the 
colony has the fomi of a feather, the base of which is 
set ill mud while the feathery upper branches are 
lined with autozooids. The Ediacaran Cliamiodisais 
has usually been interpreted as a sea pen (though see 
Chapter 1 for .alternative views) and if so indicates 
early success for this group. 


Subclass Zoantharia: corals I 

The structure of the Zoanth.aria is cxcmpLfieii» 
the Upper Jurassic to Recent solitary ml 
Caryophyllia (Order Sclcractinia). Recent specio* 
of cosmopolitan distribution, living on v.inoussu> 
strates and at depths of (>—27.30 in. C. smithii livoi 
cool, temperate waters oft western Scotia 
(Wilson, 1975, 1976). In regions of strong tidal la 
rents it is found attached to pebbles or boulders, t» 
in weaker currents on the outer shelf it can liveir. 
variety of substrates; the most conunon fontid 
attachment in sand patches is to calcareous tubd 
the womi Ditnipa (Fig. 5.4a). 

The polyp of Car}>ophyllia, which is some 2-1(1 
across (Fig. 5.4b), is many-tentacled and hasa« 
mod.acum leading down to the entcron, whidi 
divided biradially by numerous iiiesentenes. Each J 
these has fnlled free edges. The soft basal tism 
secrete an aragonitic cup or coralluin whiibl 
short and hom-shaped. It has an outer wi 
(epithcca) within which are numerous radul 
arranged septa which lie between the pun 
mesenteries. The first-fonned protosepta (li 
5.4c) are larger and more pronounced than d 
nietasepta intercalated between them. 

When preserved as a fossil, the aragonite is al 
altered to calcite or dissolved completely leavin| 
negative mould in the matrix. Aragonitic skelctj 
arc known as far back as the Tnassic, and almoai 
Sclcractinia are aragonitic. In Caryi^phyllia, as uii 
Sclcractinia, the septa are laid down cyclicallv* 
multiples of six. When the coral is very youiip 
corallum is simply a basal plate with six small pri 
epta inserted between the mesenteries. Later.« 
metasepta appear, and there may be tw'o or tk* 
generations of these so that the whole becomes la* 
tiseptate. A slight shift of their spacing tliroufiM 
growth as the corallum bceomes elliptical iniM 
the characteristic biradial symmetry. ThrouiriJ 
growth new material is added to the exposed cd|l 
of the septa and to the epithcca so that the 
expands as it grows. i 

In broad and general tenns the simple scnictuitj| 
Caryophyllia apphes to most living and fos.sil cofl 
but there arc major differences in skeletal struiUiJ 
septal arrangement and mode ot colony foniu# 
Eight orders are now defined (Scnitton, 1997b) I 


ORDE(( 
ORDER: 
ORDER .' 
ORDERi 
ORDER ( 
ORDER < 
ORDER; 
ORDER( 


Ord' 

Mor^ 
The R 
solitary 
symtne 
iiuincn 
.Such 1 
though 
of sept, 
teni at 
show tl 
spread 
1 lapsop 
coral', ! 

The 
coverei 
which i 
tar e ot 
the insi 
iial clei 
Rugos. 
iiients ( 
tal elei 
separatr 
horizor 
'Aiphrcr 

File 
characti 
niaturil 
Tlieii II 
gating 
stages; I 
normal 
arraiigii 
vides a 
structur 
resorbei 
life of tl 

Whe 


class Anthozoa 109 


. RUGOSA (M. Ord.-U. IVmi.) 

. TABUIATA (L. C)rd.-U. IVmi.) 

, SCLERACTINIA (Tnjs.-K.cr.) 

. HETEROCORALLIA (U. l)cv,-L. C.irb.; 
. COTHONIIDA (M. Cjm.) 

. KIIBUCHOPHYLLIDA (U. tJrd.) 

. NUMIDIAPHYILIDA (IVnn.) 

. TABUIACONIDA (L. Cjtn.) 


Order Rugosa 
Morphology 

Tlir Rugo.sa are an exclusively Palaeozoic group of 
-nliiar)' and coloiual corals. They show bilateral 
flnmetiy in a pnniitive inaiiner, arising because the 
pmerous metasepta arc inserted in four loci alone. 
Pell bilaterahty is clear in some of the Rugosa, 
Sough in others it is obscured by the proliferation 
(iicpta, and in genera such as Hexagoiuma no pat- 
Itra at all is visible. Two examples arc chosen to 
4mv the basic stmeture of rugose corals. The widc- 
Iftcid Carboniferous Zaphrnttilcs (Superfamily 
lljpsophyllidae; Fig. 5.4d-t) is a small, solitary 'honi 
tanl . so called because of its shape. 

The outer honi-shaped part of the corallum is 
tarcred by a thin calcareous skin, the cpithcca, 
«kh extends from the tip to the upper (distal) sur- 
ice or calice, where the skeletal elements filling 
j#insidc of the cor.allum arc c.xposed. These inter- 
aI elements fonn the basis of classification of the 
^igosa and arc of two main types: the vertical ele- 
imts (septa and axial structure) and the horizon- 
d dements (tabulae), which will be considered 
Jfaatcly. (Dissepiments, which are important 
Idizontal clenients in some Rugosa, are lacking in 
hpkrMilei.) 

The septa are thin vertical plates arranged in a 
imcteristic biradial pattern, which develops to 

| it\' throughout the ontogeny of the coral, 
manner of insertion can be studied by investi- 
’ the ontogeny of the coral from the early 
; this is usually done by making serial sections 
al to the axis, from the tip to the calice, and 
jug them in a succcssion.al scries. This pro- 
a lull record of how the coral grows, since 
ures once formed by accretion are not 
led but retain their original form through the 
'the coral. 

len Zaphrnitites is very young a single prosep- 


nim divides it (Fig. 5.41), soon becoming separated 
into cardinal (C) and counter (K) prosepta. Two 
other pairs of prosepta follow: the alar (A) adjacent 
to the cardinal scptuni, and the counterlateral 
(KL). Even at this stage some bilateraliry is evident, 
which becomes more pronounced when the 
met.asepta arc uiserted serially in four quadrants 
only, on the ‘cardinal' side of the alar and counter- 
lateral septa. Through dilTerential growth the coun- 
tcrlateral and alar septa move towards the 
counterseptum to make room for new metasepta. 
Short minor septa are laid down between the 
metasepta. Around the cardinal septum there is a 
cardinal fossula where metasepta are not inserted, 
and especially dunng the intermediate growth stages 
there arc lateral (alar) fossulae as well. These arc vis¬ 
ible in the adult Zaphrentites, but in many large 
Rugosa. where the major and minor septa have pro¬ 
liferated greatly, the fossulae are so compressed as to 
be hard to distinguish on account of the increasing 
radial distribution of septa. Many Rugosa, e.g. 
Phillipsastrava, have no trace at all of a fossula. 

In Zaphrentites, as in most other Rugosa, two 
other skeletal elements are (1) the epithcca, and (2) 
tabulae, which arc flat horizontal plates forming a 
floor to the cavity in which the polyp resided. The 
major septa join together in a central boss formed of 
updomed tabulae. 

Heliciphyllnm (Subfamily Zaphrcntidae; Fig. 
5.4n-q), a large North Amencan mgosan, is some¬ 
times found as poorly developed colonies. In this 
coral there are so many septa that it is not easy to see 
the four main lines of emplacement. The spacing of 
the septa is more or less equidistant, and the symme¬ 
try is virtually radial. There are some structural ele¬ 
ments not found in Zaphrentites, especially the 
dissepiments, which are concentrated in a broad 
marginal zone or dissepimentariurn. These arc 
small curving plates located between the septa and 
set nonnal to them, inclined downwards at about 
45° to the epithcca. The major septa may reach the 
centre, in which updomed tabulae are the most 
prominent components. Another characteristic fea¬ 
ture is the presence of carinae: short 'yard-arm' bars 
projecting laterally from the septa. 

Though bilateral symmetry has been masked by 
radial structure, the cardinal fossula can still be seen 
where the dissepimentarium narrows and the axial 
ends of neighbouring septa arc shortened and curve 
round it. 






cardinal 
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figi/re 5.4 (o) Young Carycphylli 


, . , coral attached to the tube of the worm Ditrupa; (b) Caryophyllia vertical 

iKlion; (c) transverse section through young (centre) and older (right) scleroctinian coral (1, protoseptum; 2, 3, metasepta); (d) 
bfimnlites (Carb.) with part of the epithwa removed, showing bilateral symmetry; (e) some, in transverse section; (r) septal 
widocemeni shown by serial sections from tip (C, cardinal septum; KL, counter-lateral; K, counter-septum. A, alar); (g)-(m) examples 
JneZa/^renHles delanouei group (Carb.), including (g) Z. delanouei, (h) Z, parallela, (j) Z. constricta, (k) Z. disjuncta (early) and 
i»|Z, disjuncta (late) (not to scale); (n) Heliophyllum (D^.), transverse section snowing near-radial symmetry (x 1.5); (p) vertical sec- 
tailx 1.5), (o) enlargement of peripheral zone, showing relationships of septa ana yardarm carinoe. ((a) Redrawn from Wilson, 
(d), (e) based on Milne-Edwards and Haime, 1850; (g)-(m) from Carrufhers, 1910; (n)-(q) redrawn from Hill in Treatise on 


Dendroid 


Phaceloid 
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Amural aphroid 


Amural indivisoid 


f^S.5 Tronsverse sections through compound rugose coral colonies, with terminology of different types. 
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la) S 



Lithostrotion 




Figure 5.6 Ulhostrotion, a Carboniferous compound rugose coral: (a) tronsvwse; (bjlongiludinol section; (c) (e) lateral increoaiM 
three SiphorKxiendron species, S. junceum, S. arvndineum and S. martini. (Redrawn from Jull, 1965.) | 
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Range of form and structure in Rugosa 
FORM, TYPE AND HABIT OF CORALLUM 
l^.ugosa iirc either solitary or colonial (compound), 
and either fonn may exist even within closely 
related genera or even species of the same family. In 
solitary Rugosa (Fig. 5.4d) the usual shape is a 
curved honi: the ccratoid shape of Ziiplircntites. If 
the ‘cone’ has expanded very fast, a flat discoidal 
shape may result (Fig. 5.7c); with progressively less 
abrupt expansion patellate, turbinate (Fig. 5.7d). 
trochoid and ceratoid forms will be the product. 
Cylindrical corals arc virtually straight-sided, 
except for the first-formed part; scolecoid forms 
arc irregularly twisted cylinders; pyramidal types 
have sharply angled sides; whereas calceoloid 
genera, oddest of all (Fig. S.IOq), possess a curved 
coralluiii with one flattened side and a lid or 
operculum. 

Colonial Rugosa (Figs 5.5—5.8) are diosc in 


A'hich a single skeleton (corallum) is produced! 

:he life activities of numerous adjacent polyps CK 
rontributing a corallite to the whole. 

The habit of the colony may be variably inM 
enced by the environment, but colony type, wtaA 
includes the morphology and relations of the codfl) 
lites, is more rigidly defined genetically. In the fix ^ 
ciculate type the corallites are cylindrical but hoc- 
contact. There are two kinds of fasciculate iiiH^, 
phologics: dendroid, with irregular branches, i 
phaceloid. in which the corallites arc more otl 
parallel and sometimes joined by conned 
processes. Massive corals arc those in which i 
corallites are so closely packed as to be polygotu' 
section. Several kinds of massive corals arc d« 
truished (Fie. 5.5): 


(d) Rha. 



Figure . 
Falaeoc) 
Silurian 


cerioid (e.g. Lithostrotion). in which each conW 
retains its wall; I 







(g) Entelophyllum 


iftabdocyclus (turbinate) 


5.7 Form of corollum In Rugoso: (a) Siphonodendron, fasciculate dendroid; (b) Siphonodendron, phaceloid; (c) 
5 clus (Sil), discoidol; (d) Rhabdoc/clus, turbinate form; (e) axial Increase in ceriod Silurian Acervularia; (f) rejuvenescence in 
\Kodonophyllum; (g) offsets in Silurian Entelophyllum. (Mainly redrawn from Milne-Edwards and Haime, 1850.) 
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ing corallitcs are united by a zone at dissepimci 
alone; 

indivisoid (c.g. Orioiwstraea), in which septa i 
absent and dissepimental material is doiniiu 
this type is very uncommon. 

FINE SKELETAL STRUCTURE OF SEFTA 
The septa are composed of serially arranged raifc 
ing whorls of tiny fibres (sclerodemiites), group 
in cylindrical bundles known as trabeculae (f 
5.9). 

In some corals the axes of these bundles arc 
pier and parallel (monacanthinc trabeculae), while 
others there are in addition second-order trabecuh 
radiating upwards and outwards (rhabdacanth ii 
rhipidacanths). The sclcrodermites are secreted; 
linear series from a continually producing centre' 
calcification; the trabecula grows as long as calcilk 
tion goes on. Trabecular tissue is primary i 
Rugosa, and other kinds of tissue that have bco 
described (fibro-normal and lamellar) m.iy be th 
result of growth increments or diagenesis and the» 
fore secondary (Sorauf, 1971). 

The skeleton of Rugosa probably originally c»»- 
sisted of high-Mg calcite. This generally retaimi 
original microstructures after death, though ib 
high-Mg calcite usually converts to low-Mg calcil 
at the earliest stage of diagenesis, after which tb 
original mineralogy may alter. Aragonite, howtjj 
seems to have Iseen the primary skeletal niiiicraf^ 


astraeoid (c.g. Pltillipsaslraca), in which the 
epitlieca is wholly or partially lost but the septa 
stay unreduced; 

thamnasterioid (e.g. Haplothccia), in which the 
septa of adjacent corallites are conHuent and often 
sinuous or nvisted; 

aphroid (e.g. ATMliiiopItyllum), where the septa 
are reduced at their outer ends so that ncighbour- 


Figure 5.8 Actinocyathus floriformis (L Carb.) from Bathgate, 
Scotland: a small colony showing lateral increase with a few 
small encrusting Syringopora (x 0.75). (Photograph reproduced 
by courtesy of Jeremy Jameson.) 


Figure 5.9 Fine structure of septa in Rugosa; (a) monocanthine trabeculoe, (b) rhabdacanthine trabeculae (holaconths ore 
bly recrystallized rhabdocanths or monocanths); (c) rhipidoconthine trabeculae. (Redrawn from Scrutton, 1986.) 
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some Pennian Kiigosa shortly before their extinc¬ 
tion (Wendt, IWO) 

Since the gross morphology of corals is so liiglily 
vriablc and has been subject, in so many indepen¬ 
dent stocks, to repeated convergent evolution, 
there IS a clear need in taxonomy to find more 
'(table' char.tcters to use as the basis of classification. 
Mthougli inicrostructure has proved useful here 
ilong with other characters, its interpretation is still 
the subject of much discussion aud it is by no means 
itraivcnal key, 

lYPES OF SEPTA 

In the Rugosa septal microstnicture and arrange¬ 
ment may vary greatly, and those ditferences are of 
higli t.c\onomic value. Septa are nonnally laminar, 
blit perforated septa do occur in some genera where 
the trabeculae are not closely Joined. Usually they 
ire straight, sometimes zigzag. Commonly septa are 
not of unifomi thickness throughout their length. In 
Mitiiipliylliiin (Fig. 5.1 (Ik), for instance, the outer 
pjm of the septa are so greatly thickened that they 
«e contiguous, forming a well-marked stereozone. 

In AuhpliyUiiiii (Fig. 5. Ida) only half of the coral 
usually lias iiiediidly thickened septa. The sides of 
iBgosaii septa are usually smooth but are often pro- 
tidcdwith flanges or small denticulations where the 
Jiabcciilar tips show through. In (Jriornisiriira 
aid some other aphroid genera the outer parts of 
the septa are replaced by dissepiments, whilst 
idjaccnt corallites of thamnasteroid types have con- 
ftieni septa. Amplcxiis illustrates a type of coral in 
which septa are imperfectly developed, only being 
Ijwperly formed immediately above each tabular 
Iffhcc. 

MlAl STRUCTURE 

Very many Rugosa have a central structure (Fig. 

W'liich may be one of three basic kinds. An 
aui vortex is foniied by the joined axial ends of the 
m|or septa, slightly twisted .is in Plychopliylliini. A 
numelb is simply a dilated end of the counter- 
mini and is representative of Litlwstrolion, 
LopliopUyUidiiim and other similar 
miTa. An axial column, as in Aiilopliylluni, is a 
axial zone fonned of tabellac, i.e. small 
fcompletc tabulae within the axial complex. In 
iMdii/cM. AaimxytUhiis and Dibiiiiophylliim the axial 
mmii appears web-like in section and is likewise 
■nposed largely of tabulae with septa crossing it; in 


the latter genus it is divided by a central septal plate 
fonned by the counter-septum. Aiiliiia h;is a very 
simple axial ccilumn, the aulos, which is a vertical 
tube truncating the inner ends of the septa and tra¬ 
versed by horizontal tabulae. 

TABULAE AND DISSEPIMENTS (FIG. 5.10F-H) 

Tabulae are transverse plates which may be Hat, 
convex or concave. They usually occupy a central 
space or tabulanum, and if there is an axial complex 
they join with it. T.abulae may be replaced by a 
number of smaller plates called tabellae. l abulae in 
the Cyathaxoniicac, the most primitive superfamily, 
generally extend right across the corallum, but in 
most Rugosa they tenninatc externally in a margin- 
arium, which is either a septal stercozone or a dis- 
sepirnentarium, and hence do not reach the edge. 

nissepiments, the sm.tll plates usually found 
towards the edge of the corallum, lie penpheral to 
the tabularium and like the tabulae are constructed 
of tlbro-nonnal ri.ssuc. They are of various kinds. 
They may be simply inclined or slightly swollen 
plates dipping towards the axial region, but in 
Pliillipsiistri'ii, Thiminophylluiii and relatives, for 
instance, there evolved an extraordinary range of 
dissepimcntal types, including horseshoe-shaped 
ones, which have proved useful in classification. 

Dissepiments are not found in the earliest rugose 
genera. On their first appearance in late Ordovician 
streptc^iriinatinids and columiiariids they .ire con¬ 
fined to a thin peripheral disscpinientarium. In later 
genera, however, they become more important 
structural components, most noticeably in types 
such as Lonsdakia. Rarely, as in Cysiiphylliiiu, the 
dissepimentarium together with tabellae with which 
dissepiments may intergrade, make up virtually the 
whole skeleton, since the septa are reduced to sepa¬ 
rate trabeculae developed only on the upper surface 
of the tabellae and dissepiments. 

CAUCE 

The calico is that part of the coral which, in life, was 
in contact with the basal ectoderm of the polyp. It is 
in eflect a mould of the secretory surface. It is not 
conunonly seen in specimens preserved in limestones 
unless these have been weathered, but in individuals 
collected from shales calicular surfaces can often be 
clearly seen. Usually there is an annular calicular plat- 
fonii surrounding a deep central depression (calicular 
pit). Some genera with an axial complex have a 
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nurkcd calicular boss where it emerges to the surface, 
- but this is not alwav-s present. The form of the calice 
Bqmte vanable even within families, as shown in Fig. 
ilditi, which illustrates various fomis found in the 
J Spongophyllidae in which there are conical, bell- 
I iuped, saucer-shaped and everted types. 

■ WOOING AND THE PRODUCTION OF NEW CORALUTES 
(fig. 5.6) 

1 Wien a compound coral grows the first-fonned 
I ptotocorallite gives rise ase.xually to offsets, which 
niayform in a number of ways. The tenn budding 
^Bused for the soft parts, increase for the skeleton. 
Detailed studies have been made, in the 
iWiostrotionidae and many other groups, of the 
'three main methods of increase and budding. There 
(I ire two kinds of increase, parricidal, in which the 
I ■preiit is destroyed (1, 2), and non-pamcidal, where 
I «is not. 

I 

I,Axial increase. In this mode the coralhte splits by 

I ission into two or more daughter polyps within 
lie calice. Such budding is inevitably parricidal, 
rile upper surfaces of many compound corals can 
often be seen with several corallites undergoing 
ixial Ulcrcase at appro.vimately the same time. As 
[he colony continues to grow the parent corallite 
isbuned and the daughter corallites grow to full 
sue. This is the least common of modes of 
mcrcasi' in the Rugo.sa, though nonnaJ in the 
Silunin Acemilaria (Fig. 5.7e). 

Pcnphcral uicrease. Here small offsets arise round 
thr parent corallite (Fig. .S.7g). This is hkewise 
pimcid.il; It is quite common in fasciculate gen¬ 
era such as EnU'lophyllitiit. 

lateral increase. This is the most common 
BCihod of increase in the Kugosa and is not par- 
ruidal. In Sifylionoilauiron it has been well investi- 
Wed (Jull, 196.S) but has proved to be so variable 
Btobc of limited taxonomic value at the generic 
level. Three distinct types of lateral increase have 
hen distinguished in Siplwnodendron using serial 
lectioiis (Fig. 5.6c-e). In one type (e.g. S. juiicaim) 
ilii' lateral bud arises fully external to the parent 
dice and is initially aseptate; septa only form 
bicr. In a second type, typical of species with a 
wmiw dissepimentarium (e.g. S. ariindineimi), the 
new corallite arises from near the periphery and, 
tbiHigli septate from the start, does not inherit 
i(pu6oni the parent. In a third type, in species 


such as S’, martmi with a wide dissepimentariiim, 
the daughter arises from well within the parent 
calice and inherits its initial septa, especially those 
ol the outer wall, from the ends of the parent 
septa, Cerioid species of Siplwiiodnidron increase 
in a manner an.alogous to the third type, but the 
daughter remains attached to the parent and is 
polygonal from the start. Nudds (19H1) h.is exten¬ 
sively reviewed colony fonn in Siphonodaidron. 

There are some rugose corals (notably Actiiiocyatiuis) 
which show a curious feature associated with offset 
production. A pair of narrow tubular ducts m.iy be 
seen extending from the base of die offset obliquely 
upwards through the dissepimentanum of the par¬ 
ent. The ducts may then merge at higher levels in 
the parent corallite. They can only have sers'ed 
to prolong gastric and nervous commuiiication 
between the parent coralhte and the daughter until 
the latter was well established (Scrutton, 198.3). 
Ohver (1976a) has reviewed many aspects of colony 
formation in Rugosa and other corals. 

REJUVENESCENCE (FIG. 5.7F) 

In solitary cylindneal forms the corallite is often 
found to be constricted at irregular intervals, leaving 
a broad or narrow shelf where the septate older cal¬ 
ice is exposed. Above this it may expand ag.iin, 
before once more being constricted. T hese con¬ 
stricted bands represent tunes of stress. Thus in peri¬ 
ods of famine the polyp resorbed its own tissues in 
order to stay alive and shrank away from the edges, 
becoming smaller while retaining its fonn. The next 
period of increased food supply pemutted growth to 
begin once more; this is rejuvenescence. 
.Starvation and regrowth, however, are only one 
explanation; partial smothering of the coral by sedi¬ 
ment is another alternative. In some species rejuve¬ 
nescence may be especially strong, so that sharp runs 
arc fonned with deep and almost slit-hke contrac¬ 
tions between. In some instances small buds are 
found on the upper surface of a calice. These prob¬ 
ably result from a late rejuvenescence of a coral 
which almost died, from small areas of still-living 
tissue. 

Evolution in the Rugosa 

The Rugosa have relatively few phylogenetically 
useflil characters. Furthennore, they were very plas¬ 
tic in their evolutionary potential and notonously 
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subject to homcoinorphic trends in separate stocks. 
Yet however common such iterative trends may 
have been, tlie guiding principle controlling their 
evolution was always towards a strong and linn 
skeleton. Thus many of the observed structures can 
be interpreted functionally; lor instance, the compli¬ 
cation of the trabeculae increased skeletal strength, 
the cariiiae held the polyp more fmnly and the axial 
column gave greater support in the central region. 

There is thus some functional meatimg in all,the 
trends that have been observed, though it is not 
always clear what the function was. 

OVERALL PATTERN OF EVOLUTION 
riie earliest known of all corals are the Lower 
Cambrian Tabulaconida and the Middle Cambrian 
Cothonionidae. Undoubted ILugosa do not appear 
until the Middle Ordovician (Blackriveran) in 
North America. They spread rapidly and evolved in 
a scries of successive episodes. During each ot these 
one particular faunal group was doniinaiit, and sub¬ 
sidiary elements at the time were (1) small persistent 
bradytelic slocks (2) early members of a later domi¬ 
nant stock and (3) remnants of a formerly dominant 
stock. 

The earliest rugose corals appear just after the first 
Tabulata and the overall patterns of evolution in the 
two groups are remarkably similar (Scrutton, DHS). 

Ill the Mid-Ordovician to Lower Silurian small 
solitary corals were dominant, mainly without dis¬ 
sepiments and with only feeble development of tra¬ 
becular tissue. Thereafter there was a steady increase 
in numbers of Kugosa up until the Middle 
Devonian and with colonial corals, fasciculate ceri- 
oid and amural becoimng increasingly important. 
The reef habitat was colonized, though in most reef 
habitats the Kugosa were subordinate to the stro- 
matoporoids and tabulate corals. The succession is 
clear from Fig. 5.11, and particular orders come into 
dominance in turn. Then in the Frasnian (Late 
Devonian) came an almost total collapse ot nigo.se 
coral fauiLis, paralleled by an ecpially dramatic drop 
in the tabulates. 

Kecovery trom this major extinction episode was 
rapid, and the coralline ecosystems were so quickly 
restocked so that by the later Lower C'arboniterous 
the Kugosa had nearly achieved their Lower 
Devonian maximum. By this tune the Lithostrotio- 
iiidae, Aiilophyllidae and other ‘classic' Carboniferous 
nigosans were dominant, but there was then a slow 


decline into the Permian. The last rugosans indii 
genera such as Plcropltyllum and lVtmi;rnopliylluiii,i 
rugosans are known after the end of the Pemiian.L 
the whole the ratio of solitary to colonial 
remains relatively constant, the solitary fonns I 
dominant, but there is a weak trend tow.vds a hif 
percentage of amural fonns. 


EVOLUTIONARY TRENDS , 

Kiigose corals had only a limited evolutionary pow' 
tial; hence it was inherently likely that the samet 
of structure would be evolved several times Mst» 
According to Lang (1923), who first tried to csqIm 
such repetitive ‘trends’, in Carbonilerous corals, 
character follows in varying degrees and at vansp 
rates one of a comparatively few possible devi 
ments pointing to the existence .. . ot liiiiited 
dencics . . . repeated in each lineage’. In laxoi 
which becomes confused by such trends, the 
way to separate and identify' the genera is by 
detailed study of morphology, tine stnictuic 
ontogeny. 

In general tenns the development ot a mai 
ium (stereozone or dissepiineiitariuin) is perh; 
most persistent and universal ot all trends id 
Kugosa, and since this happened in several ii 
independently in the Upper Ordovician and Li 
Silurian just prior to the first success ot the 
as reef builders it was clearly important in all 
increase in colony size while firmly siipptiCj 
the polyp at the margin. A number ot other 
fundamental to all the Kugosa have also 
distinguished. 

The phylogeny of the Kugosa, however, d 
too poorly kiuiwn to aUow trends to be pr 
documented except in a few specific cases. 

Evolutionary studies of trends within f: 
Lithostrotionidae have shown that the parallel) 
so close in several descendent stocks that 
originally lumped in the same genera were at 
derived polyphyletically. Thus ‘ OrioiidfOda 
has a weak or absent columella and a tendrV 
septa to be withdrawn frona both the axis aiJ 
periphery, is evidently polyphyleric and has ki ¬ 
be split since it included morphs that arc of'B* 
fonn but derived from different ancestral spec's 

Apart from these trends, there is a conoid 
some Lithostrotionidae and m .addition a pafficiH 
interesting trend which involves the loss ot libaf 
ments through time. In the early tbmn 
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Siplioitoihiilnin pm'iiiditius) tlicrc are six circlets of 
4sepitnents, reducing in the descendent .S. intulini 
H) four and tlien to two. In addition the septa gencE- 
jIIv become fewer and the tabulae more widely 
(paced. The evolutionary principle governing the 
otipn of the new tspes is probably paedomorphic 
ante the descendent adults tend to resemble ances- 
iril juveniles. Such morpihology would seem to be 
apecially appropsriate for an environment in which 
npid growth with minimal metabolic expenditure 
I'll skeletal elements was desirable. Likewise, the 
nivantage of food shanng between the linked polyps 
III the 'ononastraeoid’ aphroid morphologies, and 
ik &ct that in these all the available surface space is 
covered by polyps, would lead to greater etticiency 
otthe coralJum as an integrated unit. 

Eadi of these trends therefore, expressed poly- 
phylericaUy, has its own advantage suitable for 
pmiculai ecological conditions. 

-mcroevolution 

E “ care relatively few well-documented accounts of 
-scale evolutionary’ change in the Kugosa. One 
e best known is that of C'amithcrs (1910), who 
OTfked on the Z^iplmvlitt's drhitioiwi group in Scotland 
[ ml England. The spiecies group actually ranges as far 
I* Belgium. His collections were made from thin 
Ibiestoiies 111 an alternating limcstone-sh.ilo-sand- 
Iwnc-ioal sequence, all well located stratigrapliically. 
[inttudying the populations in Ascending sequence he 
ncitfd that most characters (shape, size, tabular spacing, 
,«,) tended to remain constant but that there seemed 
i,>) be successive changes in the shape of the cardinal 
|SmuL and the length of the major .septa (Fig. 
>i4g-m). The oldest beds contain Z. dcLuioaii ssp., 
•wludi has septa meeting in the centre and a large car- 
^1 fossiila exp.anded a.xially. A vanant of this, Z. par- 
tWi, with a parallel-sided fossula. occurs in the s.amc 
Wv It was prob.ably derived ftaedomorphicahy. 

A short-lived side branch led to the small Z. law- 
»ll(tK.'h. In younger beds Z. dclaneoui and Z. paral- 
Ui arc rare and replaced largely by Z. comtricta in 
iHiich the axi.il end ot the cardinal fossula is con- 
meted to a keyhole shape. In the youngest lime- 
ttnes there occurs Z. disjiincla; this form passes 
Bough a lomtricta-type morphology in its juvenile 
dfvcioptneiit. but there.ifter septa retreat away from 
lie centre. 

Though this has been regarded as a classic study it 
Ittverely limited in two respects. One is that since 


the corals occur only at certain horizons within a 
highly variable sedimentary sequence, it was not 
possible to establish continuity of variation. Second, 
the study was done within a limited area alone, and 
it is not clear how tar the sequence can be substanti¬ 
ated in other regions. Also, suite difFerent ‘species’ 
coexisted in time (Z. delaiwuei and Z. patalMa) and 
there is some evidence of the same species being 
found at different horizons in different areas, the 
pattern of evolution was probably very complex and 
is perhaps best regarded as the expression of a trend 
within a species group rather tlian as a matter of 
linear descent involving separate species. In func¬ 
tional tenns the morphology of Z. coiislricla makes 
for a stronger axial region than that of Z. dclaiioiid, 
but that ot Z. disjiincta is clearly’ weaker. Perhaps the 
need for rapid growth, as would be allowed by sep¬ 
tal reduction, may in this case have offset the axial 
weakness. 

So many factors seem to have been involved in 
the evolution of the Z. dehmouci group - including 
trending, response to local environmental condi¬ 
tions, paedomorphosis, allopatry and polyphyly - 
that the evolutionary pattern now seems to be so 
complex as to elude analysis until better data are 
available. 

Classification of the Rugosa (Fig. 5.11) 

The following classification, erected upon the vari¬ 
ous stnictural features already described, is based 
upon that in the 'I'lviiiise on Inufrichrate l^deontolo^y. 
It is largely founded on megascopic features; knowl¬ 
edge of microstructure is not yet advanced enough 
to be of much use. The inevitable effect of parallel 
trends and convergent evolution, however, creates 
taxonomic problems which if resolved may lead to a 
radical rearrangement of the group. Classification of 
the Rugosa is in a state ot some Hux; many authon- 
ties (e.g. Scnitton, 1997a) no longer use CystiphyllicLi 
and Stauriida. 

ORDER RUGOSA (?Cani./Ord.—U. Perm.): Soliciry' or colo- 
ni.ll corals with the major sepci inserted in four qu.idrants 
only relative to the protosepta. Epithcca noniially present, 
and up to three orders of septa. Dissepiments occur in more 
advanced groups; tabulae normally present. First- and sec¬ 
ond-order septa well developed; third-order septa less com¬ 
mon. 

SUPERSUBORDER CYSTIPHYLLIDA (M. Ord.-’U. Dev.): 

Solitary or sometimes fasciculate or massive. Septa usually 

spiny and well-developed but may be much reduced. 
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Tabulae and dissepiments variably developed and of vesic¬ 
ular fonn, not clearly distinct from each other, floor of 
calice forms a shallow bowl; e.g. PhImikycIus, Rhabdocydiis, 
Trypiasma, Hotmophylluin. Gomophytliim, Caiccvla, Cysli- 
phylliiin, Mesi'phylluin. 

SUPERSUBORDER STAURIIDA (M. Ord.-U. Penn.); Solitary- 
or colonial with laminar septa usually composed of trabec¬ 
ulae. The septa arc usually well developed but many 
retreat from the periphery. A marginal stercozone may 
develop, in which case dissepimeiiLs may be absent. 
Tabulae usually present, though may be incomplete. 
There are at least 16 suborders (Fig. 5.11), common gen¬ 
era include Slatmn, Strcpiflaiina. Caloslylis, Cyathaxonia, 
F.nlclopliylhini, /iraditiaphylhim, Aivruularia, Pliillipsastraea, 
Hi liaphyllwn, Zaphmilitef, CiviiuUi, Aulophylliim, Palaeosniilia, 
Ulhostrolioii, Sipltonodcndhm, Lj^iisdaleia. 

Ecology 

Solitary Kiigosa liad no really effective means of 
anchorage on the sea Boor. They did not normally 


cement themselves to the substratum, though some 
have cicatrices of attachment or root-like ‘talons’ 
which may have helped to fix them. They seem to 
have preferred soft substrates, but since relatively 
few ‘hardgrounds’ arc found preserved it is not 
known how far they could ccilonize such hard sub- 
.strates. The horn-like shape would give a reasonable 
degree of support if the coral were to be halt sunk in 
mud, convex side down. This would allow the 
polyp to be exposed above the sea floor and would 
enable it to stay in the same genenal attitude whilst 
the coral grew. There is some evidence that Riigosa 
such as Aithpliylliim could grow like this, orientated 
with respect to currents. Commonly, however, in 
any population some or all of the coralla are twisted 
they must have toppled over and then grown up 
again. 

The solitary Calccola (Fig. S.lOm) lay on the 
sea floor, convex side down with its opercului»| 



R U G O S A 


TABULATA 


figure 5. /1 Time ranges of supersuborders (and some suborders and families) of Rugosa and Tabulafa. (Redrawn from ScruHon, 1984) 
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apen to 90°. Presumably it could shut it in case of 
|•tmetgency. 

Compound Rugosa did not normally fix thcm- 
itlves to the sea Hoor either, though rare examples 
ofhardgrounds encrusted by Kugosa are known. In 
loiter substrates the weight of the colony in the mud 
would no doubt give some stability. Since they were 
Jflicemented they were environmentally restricted 
ind could not build proper reels. This seems to have 
been their most severe evolutionary limitation, from 
which, in spite of their 230 million year history, 
they were never able to escape. Thus they are very 
nrely found within the limits of strong wave action 
und so were never really involved as frame builders 
in die algal and coral-stromatoporoid reels of the 
Palaeozoic (Wells, 1957). 

It IS not known for certain whether rugose corals 
1 possessed cndosymbiotic algae (zooxanthellae) in 
their tissues or not. Judging by the low level of mor¬ 
phological integration in nigose corallites (Coates 
indjacksoii, 1987), however, it is probable that they 
did not, since modern corals lacking zooxanthellae 
IK likewise poorly integrated. 

Rugose coral faunas were very sensitive to envi- 
dmcntal conditions, and the fonn of both solitary 
[ind colonial species was strongly influenced by 
ilogiial factors (Wells, 1937). Various life strate- 
' pcs have been distinguished in solitary Lower 


Palaeozoic Rugosa that lived on a soft sea floor 
(Neuman, 1988; Fig. 5.12). 

Most were liberoscssile, i.e. initially attached for a 
short time to a sediment gr.ain and thereafter lying 
reenmbent (c.g. Holophra^ma). This is evident from 
the shape of the coral and its attachment .scar. 
Ainbitopic fonns such as Pliaiihictis were attached for 
a longer period, to a shell, for example, before 
falling over. Rlifijniapliylliiifi seems to have grown 
upright, its base embedded in soft sediment. 
Rhizoscssilc genera have root-like holdfasts emanat¬ 
ing from the corallite at several levels, and fastened 
to sediment grains (e.g. Dokopliylliim). These forms 
grew upnglit. The small discoidal Palatwyiius, 
which incidentally fonns a globally widespread 
marker horizon in the Upper Llandovery, may have 
been vagile, able to move around by its peripheral 
tentacles on the sediment surface. Finally, several 
species of Grai’iiikia and other genera had a fixoscs- 
sile mode of life, finnly .ittachcd through life to 
patches of hard bottom and to other fossils. 

In large, strongly curved mgosans such as 
Aiilopliylliifn, the honi-likc fonii was adapted for 
resting in the niiid, convex downwards and partially 
embedded. If it toppled over it regrew upwards 
again, which accounts for the convoluted shapes 
often seen in such corals. 

Separate facies fiun.as can be distinguished. 






(g) Holophragma 


86 ) 


^figvrc5.)2 Life strategies of some Lower Palaeozoic solitary Rugosa: (o) Rhegmaphyllum growing on on originally unstable sedi 
_ oin; (b) Laccophyllum, attached to a vertical shell fragment; (c) PhauTactis, small specimen adopting a recumbent life style. 
Jtophyllum, a rhizosessile form with tentacle-like appendages producing tubular holdfasts attaching to sand grains; (e 
iiAloeocyc/us, adult form possibly capable of vagile movement by lateral tentacles; (f) Rhabdocyclus, adult, turbinote form with recum 
] belt lifestyle; (g) Holophragma, recumbent lifestyle. (All redrawn from Neuman, 1988.) 
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adapted for particular circumstances and normally 
found with characteristic associations of brachiopods 
and tabulates. Three such ficies faunas were noted 
by Hill (FO?) working mainly with Scottish 
Carboniferous successions. These are as follows. 

1. CYathaxotiia —laccophyllid fauna. Usually found 
in black or greenish calcareous shales, though 
sometimes m bryozoan reefs also, these corals are 
all small and solitary with dissepiments poorly 
developed. This facies fauna is very long ranged 
and certainly antedates the Carboniferous; indeed 


the earliest of all rugose coral faunas seem to hive 
been of this type, though occurring in mudstones. 
It is usually found with tabulates, small bra¬ 
chiopods and trilobites. As represented typieJy 
in the C'arboniferous the sea floor was gcnenll)' 
muddy, with decaying organic matter, but must 
have been fairly well o.xygenated. 

2. C(j/itHi<j-clisiophyllid fauna. This fauna, found 
first in the Tournaisian but probably older, con¬ 
sists of large solitary genera with dissepimenii. 
Clisiophyllids gradually took over from caninink 
with time. These faunas were adapted to shallo* 
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Figure 5.13 (oHd) Distribution of rugose corals, sfromatoporoids and other reef-building organisms in various Devonian reekl 
Remoter reef, Western Canada; (b) Central European reefs; (c), (d) Frasnian (c) and Famennian (d) reefs in the Canning BwJ 
Western Australia; (e) palaeoecological succession in a Devonian reef from pioneer to climax stages, [(a) Redrown from I 
1964; (b) redrawn from Krebs, 1974; (c), (d) redrawn from Playford, 1980; (e) redrawn from Copper, 1974.] 
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limestone seas, well lit and oxygenated but with 


ered to be reef faunas analogous to modern reef 



little terrigenous material. 

3. Colonial or ‘reef coral faunas. Compound rugose 
corals with dissepiments may occur in small and 
scattered ‘bioherms’; they are represented in bed¬ 
ded limestones as well. These were first consid- 


corals, but since the Rugosa were not really reef 
formers they are best considered as just a group of 
colonial corals. These colonial corals evolved 
from the Camniti—clisiophyllid fauna. 
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Hill’s three facies associatiuns have generally been 
well substantiated, though the (^yatliaxonia fauna is 
very much separate whereas the other two are 
sometimes intergrading and ecologically less well 
defined. Thus it is not uncoininon to see rapid alter¬ 
ations of faunas (2) and (3) in vertical sequence, as in 
the Carboniferous of the west of Ireland where, in 
addition, thickets of fasciculate lithostrotionids are 
found with the large solitary AtihpliYlhini grow'ing 
within the thickets. 

More recent work h.is concentrated upon the dis¬ 
tribution of rugose and other corals in Palaeozoic 
reefs. Klovan (1*^64) and Krebs (1974) have charted 
the facies associations of corals and other reef organ¬ 
isms in Devonian reefs of western Canada and cen¬ 
tral burope respectively (Pig. 5.13). 

In these reefs colonial Rugosa tend to be confined 
to the quieter forereef facies around the flanks of rigid 
frame reefs; they do not normally occur within the 
reef itself nor, except in localized patches, within the 
back-reef fides. Solitary Kugosa are likewise con¬ 
fined but are numenc.illy insignificant. Probably one 
of the best examples to show a changing reef-related 
coral ecology' is in the Devonian Canning Basin in 
Western Australi.i. Here there is an exhumed Middle 
to Upper Devonian barrier reef belt some 35(1 km 
long (Pl.nTord, I9H(I); the reef complexes formed 
limestone platforms standing tens to hundreds of 
metres above the sea floor and were flanked by mar¬ 
ginal slope and basin deposits. In the Frasnian, rugose 
corals, together with stromatoporoids and algae are 
characteristic of the reef margin, reef flat and plat- 
fonn, their numbers diminishing shorewards and also 
down the reef slope. The corals were abundant at 
depths of down to 10m and rare at greater depths. 
Following the great global extinctions at the end of 
the Fnisnian and the temporary drowning of the 
reefs, the character of the reef complex changed dra¬ 
matically, and the few corals that persisted were con¬ 
fined to the reefal and marginal slope, die reef m.argn 
and the reef flat. 

Tabulate corals, especially those with a creeping 
or foliaceous habit, were somewhat less restricted 
but could not compete with stromatoporoids and 
algae in the turbulent zone of most active reef 
growth. The hard skeletons of both rugose and ub- 
ulate corals, however, seem to have contributed to 
establishing a firm foundation for later reef growth 
of algae and stromatoporoids. Although the broad 
pattern of distribution of rugose .ind t.ibul.atc corals 


with respect to ancient reefs has been generally kh. 
firmed (e.g. Jamieson, 1971), a more detailed pic¬ 
ture of the various coral—stromatoporoid taor 
.rssociations is emerging. Scrutton (1977), foraan- 
pie, who worked upon an evolving reef coinplas 
southwestern England, has shown how the genn 
in stromatoporoid reef limestones differ tfoni tli-'- 
in biohennal, bioclastic and bedded dark liiiicMuno. 

Copper (1974; Fig. 5.l(le) has described a gciie 
alized palaeoecological succession of a Devuuu- 
reef from pioneer through intermediate to a niatiai 
reef system. Devonian reef systems were esidtiii; . 
more extensive and elaborate than those of tfe J 
Silurian, but by the end of the Devonian had o4- 1 
lapsed. A fiiller treatment of the theme has b«\ j 
given by Walker and Alberstadt (1975). j 

On a global scale, evidence is also accumulaiins j 
on the biogeographical distribution of rugose ton! 
(Oliver, 1976b). 

Order Tabulata (Fig. 5.14) 

The tabulate corals arc entirely Palaeozoic, aiu 
though they appear a little earlier than the Kiip» 
they have an otherwise similar time range. Thevw™ 
always colonial, never solitary, and usually tlztj] 
corallitcs are small. Invanably they have prominp) 
tabulae, but other skeletal elements, in particulartllt 
septa, are reduced or absent. 

Having relatively few structural elements, it 
Tabulata arc of comparatively simple construetiui 
Fiwosites (Sil.-Dev.; Fig. 5.14a), for example, I 
elongated, thin-wallcd, pnsmatic, polygonal roir 
lites with horizontal tabulae extending right aoi'- 
the corallum (Stel, 1979). The septa are reducedn 
short and somewhat irregular spines. All the w/- 
are perforated by numerous mural pores, conncctn| 
the corallites. In Fai'oaites, as in tabulates gcnenli 
elements of ‘skeletal microstnicture’ (t.ibulae iii 
walls) arc fibro-nomial. Trabeculae are scattered!: 
tabulates. In Furosites they arc nonnal to the simV. 
of the tabulae but inclined upwards and outwa'l 
along the axis of the septa. In other genera sc[< 
spines arc not necessarily trabeculate. Some gem 
(e.g. Trahntilitfs) have trabeculate walls, a 
Halysiles has trabeculae in the walls. 

Range in form and structure 
FORM OF CORALLUM 

The corallum (colonial skeleton) is built up by ii«. 
vidual polyps which may or may not be direct 
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fjmiU Morphology of Tabulata: (a) Favosites (Sil.-Dev.), vertical and transverse sections showing tabulae, reduced spines and 
«dpores(x 4); jb) Pleurodictyum (Dev.; internal mould) with commensal worm (x 1.5); (c) Caliapora (Dev.), verticol and transverse 
•lims showing shelf-like sauamulae (x 4); (d) Halysiles (Ord.-Sil.), an external view of a colony showing caleniform growth 
(075|: (•) Syringopora (Sil.-Corb.), vertical and transverse sections showing infundibuliform tabuloe ana connecting tubules 
115): jl) He/io/ites (Sil-Dov.), transverse and vertical sections with corallites embedded in coenenchyme; (g) Halysiles, a Silurian 
donyOMrad of matrix and showing cateniform growth (x 1). [(a)-(e) Redrawn from illustrations by Hill and Stumm in Treatise on 
Iwwfote Poleonto/ogy, Part F; (f) redrawn from an illustration in Woods, 1896; (g) reproduced by courtesy of C. Chaplin.) 













126 Cnidarians 


comjcctfd to each otlier. Cerioid forais the 
Favositina; Fii'. 5.14a) have polygonal corallites all in 
contact. Catenifomi colonies (c.g. the Halysitina; 
Fig. 5.14d,g) have elongated corallites joined end to 
end in wandering palisades. Fasciculate tabulates 
(e.g. Syriiix’oponi) (Fig. 5.14e) have cylindriciil coral- 
ike's winch may be dendroid or phaceloid and may be 
provided with connecting tubules. Auloporoid gen¬ 
era have a branching (ramose) tubular structure and 
often an encrusting creeping (replant) habit. They 
usually encaist hard substrates but are sometimes tree 
living. One of the latter Aulopont species has been 
reconstructed, using a computer program for serial 
sections (Scnmoii, iwsy). Finally, cocnenchynial 
(Fig. 5.141) a-pes, characteristic of the more advanced 
tabulates (e.g. the Heliolitina), have no dividing walls 
between the corallites but instead a common mass of 
complex tissue, the coenenchyme, deposited by a 
common colonial tissue (coenosarc) in betu'een the 
polyps and forming a dense calcareous mass in wliich 
the corallites are embedded. As in the Kiigosa, 
colony tbnn, which refers to the relations of the 
corallites, must be distinguished from colony habit; 
thus 'IhiViiiioporii is a ramose but cerioid favositid. 
Other tabulates may be massive, foliaceous (in 
which habit the coral tbrms thin overlapping laminar 
sheets) or creeping. 

SKELETAL ELEMENTS 

Tabulae, the most important skeletal elements, are 
always present and commonly traverse the corallite 
horizontally. Sometimes they are replaced by 
smaller tabellac. In the fasciculate genus Syringopora 
(Fig. 5.14e) the tabulae are funnel-shaped (infundi- 
bulifomi) and run through the tubules that connect 
the branches. Septa in tabulates are rarely more than 
short spines, often 12 in number, but in some cases 
they do reach the centre of the corallite. In Caliapora 
(Fig. 5.14c) and other genera of the Favositina they 
may be replaced by small shelves (squamulac) 
which jut inwards at intervals from the corallite 
wall. Septal insertiem in a sequence similar to that of 
the Kugosa is seen m I\tlM<tds and a tew other tabu¬ 
late's but its significance is uncertain. 

Where there is a marginal zone, as in the more 
advanced tabulates, it can be of two kinds. It may be 
only a thickened zone of annular lamellae as in 
Striciloporti, constricting the aperture. In the other 
kind the growth of the rnargiiiarium is accompanied 
by the loss of the corallite walls, resulting in a 


coenenchyme. This can be constructed in vanoul 
ways and evidently evolved independently in seven' 
stocks; tabulae, trabeculae borne on dissepiment 
and trabeculae closely packed or sometimes oqtr 
nized into tubes may all have a part in it. The pfi> 
diiction of a coenenchyme is one of the miiir 
important evolutionary trends in the Tabuliti 
another being the development of mural pom 
or connecting tubules for interconnection of (ht 
corallites. 

BUDDING AND GROWTH OF THE CORALLITES 
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Tabulate coral colonies have two end-inemba 
adaptive growth strategies (Scnitton, H)97a). It 
peripheral growth, the new corallites ansc at ilit 
edge of the colony; in medial growth they emeiy 
between corallites which fomied earlier. Some ok-' 
ulates could only grow in one of these two wan, 
others could change their growth strategies as thn 
developsed. 


Evolution and ecology 
Tabulate-like corals are recorded from ik: 
Chmibrian, but the resemblances arc supertirial. TV; 
earliest iindoiibtcd Tabiilata are known in tlit| 
Canadian (Lower Ordovician) of North Amcrirf' 
somewhat antedating the arrival of the first Kiigia 
and by the Middle Ordovician the full range ofiiVl 
ulatc colonial types had arisen. Their overall paticiiM 
of evolution is remarkably similar to that of tV" 
Rugosa (Scrutton, 198H; see also Fig. 5.11). Tahul*! 
were actually more numerous than Kugosa prior# 
the Silurian, but they were more acutely affectedf 
the Late Ordovician extinction event than wcrcii 
latter group. Thereafter they climbed to a new 
of diversity in the Middle Devonian, hut 
underwent a catastrophic decline, contempi 
eously with the Kugosa, in the Frasnian. 
never recovered fully from this, though they coi 
lied until the end of the IVnnian when they fii 
became extinct. It is considered likely that their 
ited success in the later P.ilaeozoic may have 
partially due to the late Devonian extinction ( 
stromatoporoids, which had created the n 
and other niches in which tabulates had 
flourished. 

Through time different kinds of coli 
structures dominated in turn. Thus hel 
were commonest up to the early Silurian (niist; 
coenenchynial imperforate structure), followed 
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Uvositids in the Dcvoiuan (massive cerioid perfo¬ 
rate) and finally the fasciculate syringoporoids after 
the Devonian. This represents an overall decline 
Inmi the range of types established in the early 
Onlovici.iii, but also a general trend away from 
massive types and towards a more open, erect 
smicmre. 

Larger tabulates are found in coral- 
slrotnatoporoid reefs and were relatively important, 
iboiigli they were not rc.dly frame builders since 
they had no proper means of attachment. Smaller 
tabulates tended to occur in deeper waters, and 
l&aculate genera usually lived in quieter environ- 
raems. Ordovician and Lower Silurian tabulates 
ol small size arc often found wilji early solitary 
llUigosa. fonning a characteristic association in 
calcareous mutistones. In later rocks .ilso the two are 
fci|uently associated, and evidently the Rugosa and 
Iibulata had similar habitat preferences. Generally 
they lived in conditions simil.ir to those of modern 
^totals, but they arc not normally found in very 
[kgh- energy environments. 

L A study of Silurian parch reefs in the Welsh 
ndetlaiid, which arc dominated by tabulates 
[Sciuttoii, iy97a) shows how different growth 
eaiegies and colony forms prevailed through suc- 
ttnive stages of reef development. Water depth was 
Iw tliaii 30 in (Scoffm, 1971). In the initial stages, 
pctiplieral growth led to a dominance of tabular 
Ami. As the reef grew, a core developed in which 
'Wyatids were abundant, and both peripheral and 
medial growth strategies in other tabulates gave rise 
bdomal and bulbous colonies. In the reef margin, 
^jisxver, medial growth was prevalent and nodular 
sbmts were common. In deeper waters elsewhere 
,<5U-bO in) peripheral growth dominated and 
brace tabular and low-domal colonies were the 

intiii. 

There lias been much dispute about the affinities 
tf/iiiwiti's and related genera. Some organisms for- 
letly bcLcved to be tabulate corals (e.g. Chaetetes) 
kit w been shown to be sclerospongcs, and a 
sue h.is been made for transferring favositids to the 
i|Bospoiiges too. Structures claimed as spicules in 
bwifo, however, seem to be endolithic borings 

imittoii, 1987) and the mural pores and calcite 
Itdeton of fibro-nonnal tissue of Farosilcs has no 
IBiiterpart amongst the sponges. In addition fos- 
fctd polyps, each with 12 radiating tentacles have 
Iw found in Canadian Fai'ositcs (Copper, 1985), 


and the cumulative evidence is heavily in favour of 
favositids being corals. 

Piilacofai’osites colomes from the Silurian of 
Quebec can be produced both sexually and, more 
commonly, by fragmentation (Lee and Noble, 
1990). Se.xu.illy produced colonies always have con¬ 
ical b.ases, showing where the colony has been pro¬ 
duced from a single protocoralite. Such colonies are 
found randomly dispersed. Populations produced by 
fragmentation, however, arc found in clumps, con¬ 
sisting of many colonies with densities of up to 
50 111 “". These never show a protocorallite, but have 
circular and concave bases and limited variation in 
corallite shape. They probably originated by frag¬ 
mentation of a piarent colony, as an adaptation to a 
muddy substrate. Sexual reproduction here may 
have been comparatively rare for the purposes of 
dispiersal and gene flow only. 

Tabulates arc not of great stratigi'aphical value, 
but they do sometimes occur in useful marker 
bands. The Lower nevonian Pkumiictyum (Fig. 
5.14b), a small domed tabulate always found with a 
commensal tubiculous worm in the centre of the 
colony, is characteristic of sandy facies, by contrast 
with other corals. Along with other fossils of the 
same facies it has been used successfully to deter¬ 
mine directions of faunal migration across Europe. 

Classification 

ORDER TABULATA is divided into seven or eight suborders 
which are t|iiite clearly circuni.scnbed and easily distin¬ 
guished. The following classification is simplified and a 
slightly more complex arrangement is shown in Fig. 5.11. 

ORDER TABULATA (Ord.-I’emi.); Invanably colonial. 
Generally composed of small corallites with tabulae; septa 
(usually 12 in number) reduced to vertical rows of spines or 
absent. 

SUBORDER 1 UCHENARIINA (L. Ord.-L. Sil.): Massive 
colonics, conillites prismatic with Ui or more septa and 
with mural pores lacking or rare; e.g. Liclu'ii,iri,i. 

SUBORDER 2. SARCINULINA (M, Ord.-M. Dev.): Massive 
cocncnchymal colonies, w'irh cociienchyme enclosing 
honzontal spaces and formed largely of tabular and septal 
extensions. Up to 24 septa; e.g. Sarritmla. 

SUBORDER 3. FAVOSITINA (M. Ord.—Ferm.); Vanforni 
colonies with slender corallites having mural pores and 
short spiiiose septa; e.g. Fai’osites, Alvcaliics, Micheliiiia. 
Pli'unuliiiyuin. 

SUBORDER 4 AULOPORINA (Ord.-I’crm.): Gorals with 
creeping or erect habit, fasnculate, with tabulae widely- 
spaced or absent; e.g. Aulopora. 

SUBORDER 5. SYRINGOPORINA (M. Ord.-l'cmi.); Large 
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erect coralLi, dendroid or phaccloid. with cyliiidricjl 
corallites connected by horizontal tubules. Septa often 
absent; tabulae horizontal or funnel-shaped; e.g. 
Syrini’o/Kira. 

SUBORDER 6 HALYSITINA (M. Ord.-U. Sil.): Cateniforrn 
colonies of iinpertorate coralla having in some cases small 
vertical t.ibulate tubules between the large tubes; c.g, 
lljlysitcs. 

SUBORDER 7 HELIOLITINA (M. tlrd.-M, Dev.); Massive 
coloiues with 12 septate corallites embedded in 
coenenchynie. (These are sometimes classified apart and 
have some similarity to certain octocorals.) c.g. Hclii^liles. 

Order Scleractinia (Fig. 5.15) 

All post-Lsiwcr Tnassic corals arc included in Carder 
Scleractinta. Like Cary'opliYllia (q.v.) they secrete an 
itragonitic exoskeleton in whicli the septa are itiscrted 
between the inesenterics in multiples of sLx (Fig. 
5.4a-c). After the first six protosepti grow, successive 
cycles of six, 12 and 24 nietascpta are inserted in all slx 
quadrants. I hroiigh their pattern of sepud insertion the 
Scleractinia are immediately distinguished from the 
Kugosa. Each of the earlier cycles is complete before 
the next cycle grows, though in some cases tins system 
breaks down in the higher cycles. 

The skeleton originates as a thin basal plate from 
which the septa arise vertically. As this skeleton 
grows upwards the lower margin of the polyp hangs 
over It as an edge zone, Within the cup there may 
be dissepiments as well as septa. In general, the 
structure of both simple and compound scleractini- 
ans is light and porous, rather than solid as in the 
Rugosa. In several respects other than the primary 
septal plan the Scleractinia ditfer from Palaeozoic 
groups, as mentioned briefty below, independent 
evidence (Oliver, 19S(), 1W6; Scnitton and 

Clarkson, IWU; Scrutton, l^iyVb) now shows that 
Scleractinia arose from a group ot sea anemones 
rather than from any Palaeozoic coral. 

Range in form and structure 
TYPE AND HABIT 

Scleractinians may be solitary or compound. In soli¬ 
tary scleractimans the tonn ol the corallum depends 
on the relative rates of vertical and peripheral 
growth once the basal plate has been secreted. 
Where peripheral growth has been dominant a dis- 
coidal fomi results (Fig. 5.1f>a). often with everted 
septa 111 cases where these have grown rapidly. 

Perhaps the commonest kinds are thcise with 
turbinate or conical coralla in which the axis is 


straight (Fig. 5.15a). though honi-shaped and cylin¬ 
drical ty-pes are common. 

In colonial Scleractinia, as with other coloiiici. 
the corallites are interconnected as a result oi 
repeated .asexual division by the polyys. Colum 
type is genetically defined and refers mainly to tbt 
relationships of the corallites. As with the Rugoa 
there are dendroid, phaceloid, thamnastcroid and. 
rarely, aphroid types. In cerioid scleractinians th 
thecae (i.e. walls) of adjacent polygonal corallites irt 
closely united and of dissepimental or septal oripn. 
by contrast with the walls of cerioid rugosans, whift 
are epithccal. Plocoid types of corallites have dn- 
tinct walls but the coraUites .are united to each iiihei 
by dissepiments. Ramose ypes of creeping lialiil, 
paralleling the tabulate Aiilopora, also exist. 

In addition there are two other types w’liich ilo 
not correspond to any rugosan type: (1) the mean- 
droid type (Figs 5.15b, 5.) 6b) in which coraDitc 
are arranged in linear scries with the cross-\r.illi 
absent, and confuied within the lateral walls which 
run irregularly over the surface like the coiivolu 
tioiis of a human brain; (2) the hydnophoroid type 
(Fig. 5,15c) in wliich the centres of the corallites iK 
arranged around little hillocks or monticules. 

In habit sclcractinian colonies may be braiichini 
(ramose), massive, encrusting and creeping (repljis; 
or foliaceous. Sometimes adjacent colonies of ibt 
same species Rise to fonn a single colony. 

SEPTA AND ASSeXIATED STRUCTURES 
Septa arc formed of aragonitic trabeculae (simple fl 
compound) normally arranged in a fan-like synuni 
and often with a denticulate upper surface, but Li» 
inar tissue is unknown (Fig. 5.15). Usually the in- 
beculae arc united, though sometimes, parallelinj 
the Palaeozoic Family CalostyliiLie, the trabecuh 
framework is loosely united and may be perforatci 
Such fenestrate septa are more important in seb 
actinians than rugosans. The grouping of trabecul* 
and their structure arc important stable cluractia 
for ta.xonomy. They form initially from aragonm 
spherulites in an organic matrix (Sorauf, 1972). 

The septa originate between the inesenterK 
which .tre also the site of digestion, c.xcretion M 
gonad development. These mesenteries have a dotr 
blc layer of endodenn separated by a thin sheet a 
mesogloca. Muscles are arranged on one side ol dil 
mesentery only (Fig. 5.4c), and the mesenteries u 
grouped in pairs with the pleated muscle bl«i 



(p) Lophetia 


hfnS.IS Scleracfinian morphology: (a) Monllivaltia (Jur.), o well-preserved specimen (x 1); (b) Meandrina, upper surface of a 
(wnl nieondroid coral, showing a growth pattern resulting from intratentacular budding (x 1); (c) Hydnophora (Rec.), upper surfoce 
foliydnophoroid coral, showing a growth pattern resulting from extratentacular (circum-mural) budding (x 2); (d) synapticulae in 
fjijBriocialCret.-Rec.); (e) trob^ular structure in Galaxea (Mio.-Rec.); (f) Goniastrea (Eoc.-Rec.), showing distomodoeal budding 
division of a single stomodoeum into two) on the upper surface (x 2); (g)-(nl the origin of pali, showing (g) a sextant of solitary 
bmdinion, (h) the some divided info layers and (i)-(n| transverse sections of polyp and corallum at each of these levels; (p) Lophelia 
Vdiec), a dendroid deep-water caryophilline (x 1), (Redrawn from Wells, 1956 in Treatise on Invertebrate Paleontology, Part 
w» the exceptions of (o) and (p); (p) is original, (a) is redrawn from British Mesozoic Fossils, British Museum, London, 1962.) 
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facing each nclicr. The space within such a pair is 
the cntocoel, vvliile in between (the muscles facing 
away from each other) is the cxococl. lJut two pairs 
of mesenteries on opposite sides, tlie directive 
mesenteries, have the muscle pleating reversed, 
giving a bilateral symmetry to an otherwise radial 
cor.il. If the coral is elliptical the long axis extends in 
the directive plane. 

Septa are thus entocoelic (entosepta) or exo- 
coelic (exosepta) in origin; usually the first two 
cycles are of entosepta, the rest of exosepta. In some 
scleractinians there may be a peculiar growth system 
producing vertical pillars (pali) along the inner 
edges of some of the entosepta (Fig. 5.15g-n). 

If a columella forms it is alw.ays of septal origin 
and may begin as pah; it is usually a central rod or a 
dividing plate fonned from a proseptum. 

The septa are often connected by cross-bars called 
synapticulac (Fig. 5.l5d) which grow tow'ards 
each other from the walls ot adjacent septa and 
eventually fuse, perforating the mesenteries in the 
process. 


Dissepiments, like those of the Rugosa, arc secrcie 
by the base of the polyp. As the lattet grow ■ 
moves upwards, detaching a small part of the L- 
from the calice at a time and forming a disscpinxr 
to enclose each space. Where the fine skeletal stm 
ture of dissepiments have been studied (Sow 
1972), dissepiments have been shown to havetf 
layers: a first-formed primary layer, overlain by\- 
tically aligned clusters or aragonitic sphcnJittn 
Fiidothecal dissepiments are confined witbr 
the corallite, but in some colonial sclcratiiium 
corallites are united by a common spongy tissue, il'J 
coenosteum, which may be fomied partialh j 
exothecal dissepiments and partially by rods and pi 
lars (costae), as in Galaxea (Fig. 5.15r). 

Tabular dissepitnents are flattish plates extw 
ing across the whole width of the corallite or Cf 
fined only to its axial part (thus resembling tahii 
in rugosans). Vesicular dissepiments arc im 
arched plates, convex upwards and overlapping..- 
usually inclined downwards and inw'ards from'* 
edge of the corallite. 


OTHER PRIMARY STRUaURES 

The thin basal plate is semitransparent and finnly 
adherent to the substratum; it may later be thick¬ 
ened by secondary deposits. Ihe epitheca is not 
developed in many scleractinians, but if present may 
consist of chevron-like crystallites of aragonite. 


SECONDARY STRUaURES 

Stereonie is an adherent layer of secondary f 
w'hich may cover the scpt.al surface. It is compi,' 
of transverse bundles of aragonitic needles. Stem 
nonnally thickens the epitheca intemally as v 
but 111 some cases its function is taken over 
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primare thickening of the septa, by dissepiments or 
bv syiiapticiilae. 

In compound sclcractinians individual corallitcs 
ire usually separated by a complex perforated tissue; 
die coenosteuiii. This may consist entirely of 
cxoiliecal dissepiments (tabular) or other material, 
bui it provides a support for numerous canals 
yuiii; die individual corallitcs and binding the 
ivinp tissues together in a functionally cohesive 
mass. 

JUODING AND COLONY FORMATION 
The fomi of the colony in the Scleractinia is largely 
dctemiined by the mode of budding combined with 
1 ttlitivc growth rates. The following types have 
been dtstiiiguished; 
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Intratentacular budding. Here the polyp divides 
b^' simple fission across the stomodaeum, each 
daughter (of which there may be two, three, four 
or more) retaining part of the original sto- 
modaemn regenerating the rest. The products of 
such polystoinodacal budding may remain 
linked or become separate. Meandroid corals 
(Fig. 5.15b) arc clearly the results of incomplete 
intratentacular budding. 

Lxtratentacular budding (Fig. 5.15t). In this 
npe new stomodaca are produced outside the 
■entacul.ir nng of the parent. These extratentacu- 
lir buds soon separate and do not remain linked. 
The colony that results from such budding 
(whether branching or massive) thus consists sim¬ 
ply of numerous separate individuals and is not 
iTitcgnted functionally in the same way as the 
jptoducts of intratentacular budding. There may, 
■kwever, be some nervous or chemical linkage if 
Ac soft tissues arc in contact, even if the enterons 
Uf not united. 

Mution 

coldest known scleractinians are Middle Triassic in 
I They derived from a group of soft anemones. On 
tar first appearance they are already differentiated 
O'! number of important famihes. Hcnnatypic in 
tpr. they fomicd small patch reefe, may have pov 
zooxanthellae and were confrned to wami, 
kiw, well-lit waters. By the late Triassic they were 
nduig last in many parts of the world, and many 
ifimilics arose. I’hc first small coral rcefr ckitc trom 
imie. This pattern persisted through the Lower 


Jurassic and the frrst true deeper-water ahemiatypic 
corals (Suborder Caryophylliina) emerged at about 
that time, though these were of limited importance. 
By the Middle Jurassic scleractinians were on the 
increase everywhere, and patch reefs einptcd wher¬ 
ever conditions were suitable. In the Tethyan Ocean 
the first large reefs developed, persisting until a general 
setback in the early Cretaceous. Later the large reefs 
and coral banks developed, and although some of the 
older families died out others arose. The success of 
reef corals fluctuated in the C3retaceous, and the aher- 
matypes became really impoitant for the first time. By 
the late Cretaceous both hennatypic and ahemiatyyiic 
corals were becoming of distinctly modem tyjie, 
though like many other groups they suffered a major 
extinction event at the end of the Cretaceous. By the 
end of the Eocene the dominant groups were much 
like those of the present since the fonncrly important 
Mesozoic families (c.g. the Montlivalitiidae) had dis¬ 
appeared. During the late Tertiary the two main coral 
faunal provinces of the prc'sent - the Indo-Pacific and 
western North Atlantic provinces — had become dis¬ 
tinct, and reef-building corals flourished on an 
unprecedented scale. Many reefs were killed by the 
lowering of sea level in the Pleistocene, but their 
remains have provided stable surfaces for the regrowth 
of coral since their submergence. Comparatively few 
genera were affected by the conditions of the 
Plei.stocene, so that Pliocene coral kunas .are efi'ec- 
tively the same as those of the present. 

Most families of scleractinians (Veron, 1995) 
show evolutionary trends, especi.illy from solitary to 
compound coralla and, in colonial types, from 
phaceloid through plocoid and cerioid to mean¬ 
droid fonn. This probably increased the degree of 
colonial integration. 

Ecology 

Scleractinians fall into two mam physiological cate- 
gones: zooxanthellate and non-zooxanthcllatc 
(approximately equivalent to the ecological terms 
hcnnatypic and ahemiatypic). In zooxanthellate 
corals the cndodennal cells arc replete with symbi¬ 
otic algae (zooxanthellae, which are a kind of 
dinoflagellate). These symbionts benefit the corals in 
two respects. Firstly, up to 95% of the organic car¬ 
bon produced by the zooxanthellae is taken up by 
the polyp and used as food. Secondly, zooxanthellate 
corals are able to grow up to three times more 
quickly than if they had possessed no symbionts due 
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to the extra O, production by the .ilj;ae. 1 hese alj'.ic 
exist in enormous numbers, and they are so essential 
to the metabolism of the coral supplying it with 
nutrieiiLs and oxygen that such corals can only flour¬ 
ish in the photic ione, at depths normally less than 
5(1 III (rarely ‘>(l m). Since the corals have linn 
anchorage they grow successfully and most abun¬ 
dantly within the zone of wave action, at depths less 
than 20 ni. 

Keef-building or herinarypic corals are nearly all 
zooxanthellate and generally need a iiiinimum water 
temperature of IS°Cl and floimsli best between 25 
and and at normal salinity. Hence most reel 

corals are restricted to shallow, well-ht, warm water. 
Ill addition, they need a good supply of oxygen and 
genemlly prefer a firm, tion-muddy substrate tor 
otherwise the plaimlae will not settle. There are. 
however, hermatypes living and building reefs in 
muddy regions, l ight is perhaps the most important 
of all the limiting factors, though a reef can be killed 
by tidal emergence during heavy rain, during a hur¬ 
ricane for instance, and may take 20 years to re¬ 
establish itself. 

Non-zooxamliellate corals are largely aher- 
matypic (i.e. non-reef formers). Some do live in 
coral reefs, though others are found at depths of up 
to 6(Mi0m. They are, however, most abundant 
down to 500 111 , and though they can survive teiii- 
peranires below 0°C- they tlounsh best between 
5 and 10°C. burtheniiore, they can live in total 
darkness. Over two-thirds of these ‘deep-sea corals’ 
are solitary’ and do not form reefs, though the colo¬ 
nial dendroid caryophyllid Lu/i/ic/iir (big. 5.l5p) 
forms deep-water banks or thickets at the edge of 
the western European conniicntnl shelf. 

The earliest (Tnassic) scleracrinians were evi¬ 
dently hermatypes. tliotigh perhaps mit so adapted 
for the reef habitat .is those of the present since they 
formed only small reefs. Ahemiatv'pic corals devel¬ 
oped from many hermatypic stocks by the slow- 
spread of certain types into colder, deeper w-aters. 
The first known aherniarv’pcs were the Jurassic 
caiyopliyllids whose descendants retained this habit, 
but representatives of many other groups also 
become ahennarvpic. so that the hemiatype—aher- 
inatyise division today cuts acToss many families and 
even genera 

It is likely that the great expansion of the lier- 
marvpic reef builders was directly linked with their 
adoption of zooxanthellae. Such symbiotic algae arc 


found ill other organisms too The ecology of ihihV 
eiM corals has been much studied; useful refercniJi 
are Yoiige (1^68), Muscatine and l.enhotr (l'hf|i 
Lewis and Price (IhV.S), fiill and Coates (I'hl 
C’loreau cl al. (1^79) and Vosburgh (1h82). 


Classification 

In classifying the fscleractinia. as w'ith the lkuf!K| 
and rabulata, it has been necessary to find sU 
taxonomic characters. Septal structure can be insj 
for defniiiig subordinal categories whilst inode ii I 
colony formation is of value only at the fait 
level. 1 labitat and dmiensions at any level of class 
cation are of little value. 


ORDER SCLERACTINIA (M. Tnas.-Rcc.): Solitary or uiln 
cor.ils with mesenteries paired and the septa arranged imi 
tiples of six. Hastil plate gives rise to septa and epitlicea. 
SUBORDER I. ASTROCOENIINA (M Trias.-Rf-J 
Nomiallv colonial heniiatypcs with small uir.illitw. S(f 
of up to eight tr.ibeeulae. spinose to bmiiiar; e.g. -Itr 
Yfi.iiii/iti.vferiij .| 

SUBORDER 2. FUNGIINA (M. Trias.-Rce.): Soliwj^J 
colomal with perforate septa linked by sviuptiiul 
tlorallites usually large Mainly heniiatypic; c.g, /•« 
(-’yr/ii/itcs, lui\lmtn. 

SUBORDER 3 FAVIINA (M. Tnas.-Rcc.): Laitiiiun 
with faii-like trabeculae. lYissepiments present butt 
licul.ie rare. Mainly henii.irv'pic; e.g. /■ai'itc.v. A/onlKi 

'riuroiimtiii. 

SUBORDER 4. CARYOPHYLLINA (|iir.-Rec.): .Noniu 
Ury .ind ahemiaiypic. Septa laminar with siniplc trjhi 
lac in tail system; rare synapticulae; e.g. I’ltm 

SUBORDER 5. DENDROPHYUINA (U Orel .-Rcc.): Still 
or colonial. Septa laminar but irregularly pcifiirate.'i 
of swollen synapticulae. Mainly aberniatypK; 
Diiidwiihylliij. 


Coral reefs 

Recent coral reefs (Yonge, Stoddard, 

Ladd, 1971; Cameron ct al., 1974; Sheppard, 1 
Veron, 198(r, Wells. 1988) are confined to t 
se;is and arc best developed m the Indo-I’adfic 
and ill tlie western North Atlantic. The Indo-P; 
reefs, where maximally developed (Melani 
Southeast Asia), have 92 recorded genera and 
genera and over 7(M) species (see Veron, 1986,' 
illustrations and distribution maps), while thee^ 
fauna of the North Atlantic is smaller with oiih) 
genera and b2 species. The North Atlantic 
seems to have been derived initially froni a P 
source, since Oligocene reefs of the West lit 
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fkavemany of tlic same corals, but it lias since dcvel- 
111 isolation, particularly since the Americas 
iwtrt linked by the Pan.mia isthmus in the 
Icmoiciie. 

In structural reefs the scleractinians have built 
up massive wave-resistant structures, often to great 
l^ickiK’sses, where the hulk of the material is con- 
pibntol by corals, even though calcareous algae may 
[ play an miportant part in reef structure. Such a large 
{idstnutiirc built up by generations of corals is the 
bu.ii of a host of diverse organisms, the whole 
mini; one of the most complex ecosystems 
iwn. In coral reefs productivity, calcium metabo- 
Ibsn and carlionate fixation (d.SPOg^i ') are very 
Lhph. The range of habitats is such that there is a 
|li^i degree ofspecializarion in the associated fauna, 
mally fishes, molluscs and arthropods; these arc 

f fand in zoned and localized niches in various parts 
jfthe reef 

In non-reef coninuinitics, however, though 
qiully confined to tropical seas, the corals merely 
wlogcthcr without building up a rigid structure. 

Types and genesis 

[bwtiiral coral reefs today belong to three major 
: fringing reefs, barrier reefs and atolls, 
png reefs develop along shorelines, espedally 
[Iw of volcanic islands. Harrier reefs are formed 
'distance from the shore. Atolls arc nrcular or 
shoe shaped and usually orientated with 
M to the prevailing wind, witli a central shal- 
l»ljgoon III which small patch reefs may develop. 
Tuc Great Barrier Reef (Maxwell. 1968; Hcnnctt, 
jOl) off eastern Australia is a special case, being a 
Wirfejtiirc parallel to the fault-hounded margin of 
teWntinent. where coral growth was initiated on 
Igoofan upraised fault. 

snow well known that the three major types 
IS successive stages in the growth of coral 
sad a sinking volcanic island (Fig. 5.17a). 

growth of corals has kept pace with siibsi- 

I jsre, while broken reef tains has fonned cascading 
ingoing down to depth on the outside. This the- 
jn.illy suggested by Darwin, has been con- 
rtd by deep borings into atolls. At Emwetok 
.bored in 1951, basalt was cncoimtcred at about 
Ikm below the surface. The limestone overlying 
ihasalt was Eocene in age. Thus Enivvetok is a 
one pillar 1.25 km thick standing on a deeply 
ned volcanic island some 3.2 km high on the 


ocean floor. The maximum rate of suhsideiice has 
been about 50 cm per year. Camfirmatory seismic 
and drilling evidence frcmi other atolls siij^csts tliat 
this is the common pattern. The now sunken vol¬ 
canic islands arose at 'hot spots’ on a submarine 
ridge crest and have been carried away into decjK'r 
waters (as on a conveyor belt) as the ocean floor 
spread away from the ridge (Scoffiii and Dixon, 
1983). 

1 Darwin’s theory of atoll formation, though now 
vindicated, did not take into account Pleistocene 
ch.uigcs of sea level, which were far reaching since 
the reefs were exposed and the corals killed off. T he 
exposed surfaces w'cre eroded to some extent and 
often fretted into a kant topograpliy. i lence the 
veneer of corals which has grown since the end of 
the Pleistocene has re-established itself on an anom¬ 
alous topographic surface, and it is because of tliis 
that the fonii of a modern reef is not simply a reflee- 
tioii of coiistriictioiial activity. 

Growth and zonation of corals 
Corals on reefs have few natural enemies other than 
coral-eating fishes and the starfish Anintlitister. The 
latter has recently wreaked h.ivoc on some Pacific 
reefs, for after the depredations of the starfish the 
dead coral becomes covered with an algal film 
which prevents coral planulae from settling. 
Repeated Aciiiitliiistt’r ‘invasions', howevci, appear 
to follow a cyclical pattem waxing and waning over 
many thousands of years, and the damage to the reef 
is eventually repaired. 

Because of the steep environmental gradients 
within the reef complex, the corals themselves are 
ecologically zoned with specific reference to the 
shoreline (Fig. 5.17b,f). Each species occupies a par¬ 
ticular habitat and is not found elsewhere. Within 
particular habitats there is a kind of ‘pecking order’ 
in corals; dominant species may actually eat other 
species of the same genus by mesentery extrusion 
and digestion. Different species inhabit the wind¬ 
ward and leeward sides of the island. There is, fnr- 
fhcniiore, a great change both in species and in their 
growth fomis, from the upper part of the forereef 
slope across the reef flats to the central lagoon wirh 
its shell sand floor and patch reefs. In some c.iscs 
massive rounded corals such as Diplorin tend to 
inhabit the surf zone, while the stout branching 
Acroporci (the ‘stag’s honi’ coral) lives at greater 
depths out of the range of surf action. In other areas 
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Figure 5.17 Coral reefs: (a) growth stages in the development of an atoll by volcanic subsidence according to Darwin, showinjt 
fringing reef (top) a barrier reef (middle) and an atoll (bottom); (b) section through the edge of a growing reeC showing zonatio(ia( 
based on Manauli reef off the northwest of Sri Lanka (coral genera are represented diagrammatically: 1, Symphyllia rectal 
Acropora formosa; 3, A. hyacintfius; 4, A. humilis; 5, Montipora hliosa; 6, the soft corals Alcyonaria, Gorgonaria and AntipaAm, 
7, Glavia, Pocilhpora, Goniostrea and Porites); (c) coral zonation on the growing edge of Arno Island (Marshall Islands; 1, Poik 
dominant; 2, Pachyseria cfominant); (d) stages in the development of a deep-water coral bank, [(b), (c) Simplified from Mergneroif 
Scheer, 1974, and Dahl eto/., 1974, respectively; (d) is redrawn from Squires, 1964.] 
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miBive corals are commoner in quiet waters, and 
Ato/h'I'.j occurs in higli-cnerg)' zones (Vosburgh, 
|fV82). The apparent structural strengtlt of corals is 
efore only one factor amongst many that control 
adogical zonation; ability to compete for space and 
to cope with sediment influx may likewise be 
ortant. 

Zoiianon varies from reef to reef depending on 
nnous factors. The presence of resistant algal ridges, 
for instance, can greatly alTect the pattern of zona- 
non. Not only the scleractinians but also the gor- 
joniam (in the Caribbean reels) and octocorals (in 
ic Indo-Pacific reefs) are ecologically zoned, and 
«are the various bivalves and other molluscs that 
fonn specialized communities in the very varied reef 
lubitats (Yonge, 1974). 

The growth rate of corals varies greatly with the 
fflvironnieiit and the season but may reach 26 cm 
peryear in branching corals and 1 cm per year m the 
norc massive colonies. Keef growth as a whole may 
inch a maximum of 1.2 cm per year, but in the past 
3 has generally been less. 

Within reels there is not only continual construc- 
“ M by the scleractinians and encrusting algae, but 
ikt' a constant attrition through wave action and, 
fl)ually important, destruction by boring organisms 
ad coral-eating fishes. These produce a great quan- 
nn offine comminuted coral sand, which fills up 
j At lagoon and is transported to deeper waters. 

Deep-water coral banks 

Oteper-water corals (ahennatypes such as L^phelia 
«d Dendrophylliii) may fonn stnicttires dift'ering 
Som those of their shallow-water counterpans. Some 
jfthese deep-water corals are solitary^; others are 
fokmul and dendrifonn. 

The development of these smicturcs (Squires, 
WW) takes place in four stages (Fig. 5.17d). At first 
4tTc is a single colony. When this colony is joined 
It others it becomes a thicket a few metres across, 
irwhich the members may be all of the same species 
rotdillcrent species. This newly developed envi- 
■rniciit attracts other organisms, e.g. fishes, mol- 
IKS and crustaceans, giving it a new ecological 
mtacter. As the thicket spreads and matures, skele- 
aidebris accumulates from broken and bored coral, 
mwidiiig a new substratum which again attracts 
i«CT animals. This stage is now a coppice and may 

i Vicveral metres across. Eventually, with the accu- 
ulatiuii of more debris and further coral growth, a 


bank develops: a topographic entity with a core of 
solid skeletal debris, a covenng mat of more open 
debris and a capping of live coral. The proportion of 
living to dead coral decreases with time. 

The exposed sequences studied by Squires were 
Tertiary in age, but similar banks are fonning today. 
The study of fossil thickets, coppices and banks can 
yield valuable palaeoecological data. 

Geological uses of corals 

Corals as sfratigraphical indicators 
Corals are generally too long-ranged for use as zone 
fossils, though the widely distributed Palacocyclm 
provides a fine example of a useful acme biozonal 
indicator for the late Llandovery-early Wenlock. 
Nevertheless, corals have been used where no 
shorter-ranged fossils arc available, especially in 
the Carboniferous. This work began in Belgium 
and in 1905 Vaughan, working on the Lower 
Carboniferous of Bristol, England, erected a zonal 
scheme based upon the first appearance of corals and 
brachiopods. This scheme was later extended to the 
North of England and proved, though crude and 
inexact, to be applicable, with minor modifications, 
to much of Europe. 

Vaughan believed that the faunal sequence he 
erected reflected evolutionai'y lineages, but in fact 
the corals really occur as assemblage biozones with 
each of the main cycles bringing in a new migrant 
fauna. 

Recently Mitchell (1989) has plotted the time 
ranges for 68 rugose coral species against standard 
Visean stages, showing that a now-refined coral 
stratigraphy is possible for the Lower Carboniferous, 
supplementing other stratigraphic data based on 
goniatites, conodonts and foramimferids. New 
stages based upon transgressive cycles in the Lower 
Carboniferous are now standard, but much refine¬ 
ment is still needed. 

Coral zonation in the European LTcvomaii, once 
elaborated in great detail by Wedekind, has proved 
to be overoptimistic. 

Corals as geochronometers 
In well-preserved specimens of many rugose and 
scleractinian corals the epithecal surface shows fine 
grow'th ridges, some 200 per cm. Each of these rep¬ 
resents a growth increment: the fonner position of 
the nm of the calice. These fine growth ridges are 
often grouped m prominent bands or annulations 
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between which the epitheca is constricted. It is nor¬ 
mally recognized that the fine growth ridges repre¬ 
sent daily growth increments, whereas the banding 
is monthly and tlie broader and more widely spaced 
annulations arc yearly. Wells (1963) first established 
in the scleractinian Manidna that the growth ridges 
were diurnal, and since the Kecent Loplivlia pertHso, 
from Norwegian Ijords, has 28 growth ridges (pre¬ 
sumably diurnal) per band, each band corresponding 
to a lunar cycle, the monthly banding hypothesis 
seems at least possible. 

Wells (1963), working on Devoman corals with 
annual rather than montlily groupings, counted the 
number of growth ridges per annulation in a num¬ 
ber of species, fhough the results were limited by 
the preserv ation of the corals, he concluded, mainly 
from observations on He/m/)/i)’//iim, Eridophyllum and 
Fai’osites, that there were an average of 400 days in 
the Devonian year. This figure corresponded well to 
astronomical estimates that the Earth’s rotation h.as 
been slowing down through tidal friction by about 
2 s per 100 000 years. Assuming that the Earth’s 
annual circuit round the Sun was the same length, 
wliich seems to be fairly well substantiated, there 
must have been more days in the Devonian year, 
but they were shorter (Scrutton and Hipkin, 1973). 

Annual banding is not often found in corals, hav¬ 
ing only been recorded in specimens that originally 
lived in waters where there were seasonal fluctua¬ 
tions. It is nonnally easier to work with the Rugosa 
that show the growth ridges grouped in montlily 
bands. These are more abundant ami do not have to 
have a complete epitheca. Many Recent corals have 
monthly breeding cycles during which carbonate 
deposition is inhibited, and this may have been the 
case with the Rugosa. 

The monthly banded Middle Devonian corals 
studied by Scrutton (1965; Fig. 5.18) had an average 
of 30.6 growth ridges per monthly band, and if 
the figure of 399 (the .istronomical estimate for 
length of the Devonian year) is divided by the 
average growth-ridge count per band, the result is 
consistently 13. 

Hence it seems that 13 bands each of about 30.6 
growth ridges were laid down by these corals in the 
Middle Devonian year. 

The ‘coral clock’ provides a consistent check on 
estimates of the slowing of the Earth’s rotation based 



Figure 5.18 Banding on the epitheca of the Middle Dewnaj 
rugose coral ?He/iopny//um (x 3). (Copyright phologrg^M 
reproduced by courtesy of Dr C.T. Scrutton.) K 

upon a biological rather than a physical system, wl 
has, however, become increasingly clear that conijB 
arc not ideal tools for this, for while diurnal bandns ■ 
is clear enough on all unworn corals, clear moiidl^ 
and annual cycles are harder to detect and may iB 
be present in many corals (Scrutton, 1978). Tii 
rhythmites (ebb-tidal deposits whose variable lainii 
thickness encodes a full spectrum of semidiunulis 
lunar modal palaeotidal events; Williams, I'm!) 
offer excellent potential for geochronometry, esja 
cially for the unfossiliferous Frecambnan. Randfll 
events may in any case have left a masking recotdi 
the growth of the skeleton. Periodic growth featin 
in bivalves are now better understood and im 


prove to be more suitable for geochronometry. 
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Corals as colonies: the limits of zoantharian 
evolution 

olonies have been defined as ‘groups of individuals 
luctiirally bound togetlier in varying degrees of 
dctal and physiological integration; all genetically 
linked by descent from a single founding individual’ 
iCojtcs and Oliver, 

Such colonies (c.g. cnidanans, bryozoans and 
pptolites) can exhibit a wide range of organization 
and integration. At one extreme the zooids budded 
offfroin the parent may be completely independent, 
ihereas at the other end of the scale the individuals 
nf the colony may become linked and coordinated 
Kithat the whole colony can function as a single 
anil In some cases zooids m.iy become highly spe- 
aalized, promoting division of labour amongst the 
^embers of the colony. 

Advantages of the colonial state presumably arc 
Ittinly connected with greater efficiency in protcc- 
wn and stability as well as in reproduction, feeding 
d respiration. Thus a colony of asexu.illy repro- 
Buemg individuals can soon develop a large and 
[jfective biomass, with a strong and stable skeleton 
In which dierc is the potential for integration and 
Hiperation between zooids. 

Ill the octocorals (Bayer, 1973) there are two 
fctimt functional type's: (1) those which secrete a 
Bsive scleractinian-like skeleton with very little 
(Egration, and (2) those (the vast majority), includ- 
ngpennatulaceans, in which integration varies from 
it very simple, through numerous intennediate 
BgK, to very complex colonies with the various 
IKids specialized for different functions. In the 
lost extreme cases not only are interzooidal canals 
taking the enterons retained, so that food captured 
f a few zooids can be shared by the rest of the 
tlony, but also there are specialized ‘siphono- 
Boids’ organized for pumping water through the 
Htnenchymal canals, to ensure that adequate 
Ipphes of o.xygenated water for respiration reach all 
nnbers of the colony. Such polymorphic 
wds function together but cannot function apart, 
dthe colony acts as a ‘superindividuaf. Despite 
lehct that this level of integration in the octoco- 
fc evidently onginated very early in their history 
■ the interpretation of Chartiiodiscus as a 
Ikcambnan pennatulacean is correct), the zoan- 
have never fully reached the same levels of 
■glwial organization since their zooids are not 
Ininnorphic. 


Dunng the Palaeozoic the ratio of solitary to 
colonial If ugosa remained relatively constant, there 
being a somewhat higher percentage of solitary 
corals. Following the Devonian extinction there 
was a slightly enhanced trend towards coloniality, 
and a fuUcr integration of the colony. Tabulate 
corals were all colonial, and in Faiwilcs the mural 
pores suggest entcron connections, indicating at 
least a degree of colonial integration. They were 
severely affected by successive extinction episodes, 
however, and the diversity estabhshed in the 
Ordovician was actually reduced through time 
(Scrutton, 1988). 

Although cerioid and phaceloid fonns are known 
amongst scleractinians, a generally higher level of 
integration is apparent in the preponderance of 
meandroid and coenosteoid types. Meandroid gen¬ 
era have a polystome system in which hundreds of 
mouths with their adjacent tentacles connect in each 
‘v.illcy’ with a single elongated enteron. In coeiios- 
teal Scleractinia the enterons of adjacent polyps are 
also all connected, and skeleton building has become 
a cooperative venture. Bur even the most advanced 
scleractinians, with the possible exception of a very 
few rare genera, do not exhibit polymorphism. 

Despite the fact that rugose and tabulate corals 
were able to make some headway towards an inte¬ 
grated colonial system, they were generally less suc- 
cessflil in this than the Scleractinia. But their 
comparative failure as reef builders was prob.ibly due 
not so much to this as to certain other features of 
their organization. The Rugosa and to some extent 
the Tabulata had slow'-growing and rather solid and 
heavy skeletons in which a great deal of calcium car¬ 
bonate was deposited in internal structures. They 
lacked an edge zone and could not attach themselves 
firmly to the substratum. It is not known whether 
Palaeozoic corals had zoo.xanthellae in their tissue; if 
they did not, one of the great advantages possessed 
by reef-building scleractinians was denied to them, 
and this w'ould have affected their metabolic effi¬ 
ciency, their ability to get rid of waste matenal and 
other factors. 

However, the strong, yet light and porous, stable, 
fast-growing and at the same time increasingly inte¬ 
grated skeletons of the scleractinians permitted the 
development of the coral reef environment, so lay¬ 
ing down the framework for some of the most com¬ 
plex and productive of all ecosystems that have ever 
evolved. 
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Minor orders 

In recent years many ‘coralline’ taxa have been 
described from the Clanibrian, and informally placed 
in the Coralomorpha. Ot these, two orders are true 
zoantharians, Tabnlaconida and Cothonioniida. 
Neither of these appears to be ancestral to any post- 
Ciainbrian group. 1 hese and other invertebrates and 
other minor orders are discussed in full by Scnitton 
(1‘Wb). 

Order Tabulaconida 

Tabiilacomis (L. Cam.) is a solitary or dendroid coral, 
with large (> 16 mm) corallitcs which are usually 
aseptate but with evident tabulae. .Miwroimpora from 
the Lower Cambrian tif Australia (Sorauf and 
Savarese. iy‘>5) is a cerioid form with septa and tab¬ 
ulae, and Arrowiporci may also belong here. None ot 
these have mural pores, their mode of growth is 
unlike that of tabulates, and they are classified sepa¬ 
rately. 

Order Cothonioniida (Fig. 5.19b) 

This monospecific subclass is known only from the 
early Middle Ciambrian of New South Wales where 
individuals are abundant. 

1 he corallitcs of Coihimon arc small and conical 
and up to 10 mm in diameter. They have weak 
septa internally but no honzontal elements. There 
is. however, an operculum or lid tor each corallitc 
upon the underside of which arc strong biradial 
septa. Jell and Jell (1976), who first described these 
corals, suggested that they might be allied to the 
ILugosa, but they are most probably a quite inde¬ 
pendent group, now elevated to the rank ot order. 

Order Heferocorallia (Fig. 5.19a) 

The heterocorals are a small group of elongated, 
pipe-likc corals, confined to the C’.arboniferous of 
Europe and Asia and very short-lived. They have 
septa and tabulae but often lack an epitheca. I heir 
pattern of septal insertion is unusual and charactens- 
tic. Some authorities believe that they led an epi- 
planktonic life, attached to Hoating seaweeds. 


Orders Kilbuchophyllida (Fig. 5. 1 9c) and 
Numidiaphyllida 

A single genus ot scleractinian-like coral has recently 
been described from mass-flow deposits m the 
Upper Ordovician of Southcni Scotland (Scnitton 



Figure 5.19 Representafives of minor orders; (a) Hete 
(x 5); (b) Colhonion (M. Com.; x 2) (c) adolescent Kilbua 
(x 3). [(ol Redrawn from Hill, 1962; (b) redrawn from 
1979; (c) redrawn from Scrutton and Clarkson, 1990.] 
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fijwe 5.20 Relationships of the various groups of zoantharian corals. The ranges of the uncalcified sea anemones from which they 
' «ederived (Zoantharinaria, Actinaria, Corallimorpharia) are shown by dashed lines. (Simplified from Scrutton, 1997b.) 
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|L«d Clarkson, 1991). In its appearance, pattern of 
tiul insertion and septal microstructiire, 
uhophyllia is remarkably similar to recent sclcr- 

I fxtimaiis, and is now known to have been anigonitic 
m composition. 

It IS not likely that this genus was actually anccs- 
[nl to living scleractinians on account of the 

ovician-Triassic time gap. What is probable is 
t Kilhiichophylliti represents an earlier ‘attempt at 
rtoniz.ition’ by the same group of sea anemones 
lliniotpharia) that gave rise to true sclcractini- 
ic 220 Ma later (Fig. .5.20). 

This early example of skelet.tl acquisition was 

I ikort-lived and very localized, in Southern Scotland 
ml Northern Ireland. The contemporaneous 
wans, which originated at about the same time, 
derived from a different group of sea 
nones (Zooanthiniaria), became dominant for 
|iic duration of the Palaeozoic, and the corallimor- 
iaii sea anemones did not, other than the 
i-lived Pennian Numidiaphylluiii, w'hich inde- 
bntly developed an aragonitic skeleton, calcify 
1 until after the nigosans had become extinct. 
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Bryozoans 



6.1 Introduction 


H 6.2 Two cucampies of living 




rozoa, because they are small and often delicate, 
to he less familiar than most invertebrate 
poups preserved m fossil form. Yet they are com¬ 
mon in sedimentary' rocks and abundant in the sea 
loday; at least 3500 living and 15 000 fossil species 
tif known. The fronds of flat seaweeds such as 
are often covered with the lacy calcareous 
ikclctons of the bryozoan Mrnibraniporti, each 
rabny being conrposed of hundreds of individuals. 
All bryozoans arc colonial, most are marine, and 
mthc majority of cases the units or zooids of the 
skmy secrete tubes or boxes of lime pardaUy encas- 
yigtlicsoft parts (e.g. Fig. 6.2). Each zooid is basi- 


rozoons 


Bov^erbankia (Fig. 6.1) 

Biwerharikia (Order Ctenostomata; Fig. 6.1.i-e) h.is a 
creeping cylindric.al stolon from which numerous 
bottle-shaped zooids arise in clusters. 

The body walls of each living zooid (membra¬ 
nous and unpreservable in this case) are called the 
cystid. (The tenn zooecium, which has sometimes 
been used as an alternative to cystid, is now res¬ 
tricted to the calcified zooidal skeleton.) The calci¬ 
fied parts of a whole colony may be called a zoariuni. 
When feeding, the zooid extends its lophophore, a 


,iilly cylindrical, has a ring of tentacles and at first 
hjhi teems to resemble a small cnidarian polyp. 
iBowcver, the zooids are coelomate, having a freely 
upended gut with both mouth and anus, and are 
Mquestionably of a higher grade of organization. 
They were recognized as being distinct from cnidar- 
auin 1820, and the name Bryozoa was given for- 
milly to them in I S31 by Ehrenberg, 1 year after 
iic name Polyzoa had already been given by the 
bish naturalist J. Vaughan Thompson. However, 
Bcr both Thompson and Ehrenberg included in 
»e phylum, as understood by them, certain other 
Mrtrbrate groups, the true bryozoans are some- 
imo (and especially in American usage) known as 
lliyluiii Ectoprocta. The tenn Bryozoa, being in 
more common use, is retained here. 

Two genera, one simple in constniction and one 
aorc complex, are described here to show the basic 
■otpliology. Both of these belong to the largest and 
most successful marine cla.ss: the Gymnolaemata. 


ring of 10 ciliated tentacles, into the surrounding 
water. These tentacles converge on a central mouth 
from which the gut descends into the body of the 
zooid. This gut is U-shaped, hanging down in the 
coelom, and has an oesophagus, stomach and intes¬ 
tine which opens by an anus close to the mouth but 
outside the ring of tentacles. The tentacles attach to 
the body by an evenible tentacle sheath. In 
liowcrbitnkiii and its relatives the sheath is protected 
by a collar, but this is not represented in other 
Bryozoa. Between the mouth and anus is a major 
ganglion from which nerves run to all parts of the 
body. From the base of the stomach a thread, the 
funiculus, connects to a main funicular tube run¬ 
ning along the stolon and connecting all the zooids. 

The tentacles can be either extruded for feeding 
(Fig. 6.1c) or retracted entirely within the body for 
protection (Fig. 6.Id). In the resting zooid the ten¬ 
tacle sheath becomes invaginated, with its surface 
facing inwards and surrounding the tentacles rather 
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Figure 6.1 Bowerbankia, a Recent ctenostome: |a| appearance 
or colony (x 1); (b) section of zoarium with extended artd 
retrocted zooids (x 7); (c) zooid with tentacles extended (x 35 
approx.); (d) zooid with tentacles retracted (x 35 approx ); (e) 
section through tentacle crown, with arrows showing current 
directions, [(a) Redrawn from Bossier in Treatise on Invertebrate 
Paleontology, Part A; (b)-(e) redrawn from Ryland, 1970.) 


than facing outwards below them. Eversion of the 
tentacles is accomplished quite simply by compres- 
Sion of the body wall by transverse muscles; tli'n 
raises the hydrostatic pressure of the coelomic fluid 
so that the tentacles have to emerge. A large retrac¬ 
tor muscle, attached to the tentacular base and 
accompanied by longitudinal muscles, pulls the ten¬ 
tacles within the body when danger threatens, and 
the zooid is finally closed off by a circular sphincter 
muscle just below the collar. The collar then folds 
inwards in a series of pleats and completes the 
closure of the zooid. 

When the zooid feeds, the tentacles are extended 
in an erect fiinncl by hydrostatic pressure of the 
coelom. They arc quadrate in cross section and have 
ciliary tracts on each side, those of adjacent tenta¬ 
cles nearly touching. Another tract of ‘frontal cilia' 
on each tentacle faces the mouth, being more 
strongly developed towards the base. When tlie 
lateral cilia beat downwards in a coordinated 
metachronal rhythm, currents are generated which 
pass straight down the funnel towards the mouth 
and out between the tentacles (Fig. 6.1c). The food 
particles (mainly phytoplankton) in the incoming 
stream are ingested by the mouth, but precisely how 
this is done is not entirely clear. The How rates of 
currents leading directly to the mouth are much 
higher than peripherally, and possibly only the parti¬ 
cles in central streams are captured. 'I’he operation 
of the lophophore and its structure are decidedly 
similar to those of brachiopods; hence the liryozoa 
and Urachiopoda are assumed to be related and arc 
grouped together with phoromds in ‘Superjshyluiii’ 
Lophophorata. 

There arc no separate excretory, circulatory or 
respiratory organs. The colony grows from an initial 
zooid, the ancestrula, by growth of the stolon 
(itself a series of modified zooids) and by asexual 
budding of new zooids (Fig. 6.3). New colonics, 
however, arc produced sexually. The zooids art 
hermaplirodite, but the ovary and testis mav 
develop at different times. The ovary is a cluster of 
several egg cells, which arc released one at a time 
into the tentacle sheath where they .are fertilized. 
Each then develops into a trochophore larva 
while still in the tentacle sheath. When fully mature, 
the larva swims away; meanwhile the zooid degen¬ 
erates. A new egg is released only when the last 
fertihzed egg has developed into a larva. Spcrtii 




vibracula 


ancestrula 


figure 42 Bryozoan structure: (a) Smilfina sp. (ascophoran cheilostome), Holocene, Antarctica (x 16); (b) Casfanopora magnifica 
(iioscon cheilostome), Cretaceous, England (x 14); (c) Orbignyopora (cheilostome borings on brachioptxJ), Silurian, Penns^vonia 
|i 16); (d) Crepidacantha (ascophoran cheilostome). Recent, New Zealand. (All SEM photographs reproduc^ by courtesy of Dr P.D. 
Ibylor.l 


^eloped within the testis is seen in many bry- 
ffioans to make its way out into the sea via tiny 
in the tentacles. 


Smittina (Figs 6.2a, 6.4, 6.5) 

Smitiiui (Order Cheilostoniata, Suborder Asco- 
phora) is an example of one of the more complex 

I lryozoaiis. Tlie colony is encrusting, and the indi¬ 
vidual zooids are arranged like flat elliptical boxes 
ndiating away from the ancestrula or first-fonned 
|looid. They are all constructed of calcium carbon- 
«. Mature zooids may develop distal ovicells, 
fltroUen spherical structures in which the fertilized 
^develop into larvae. In difterent cheilostomes 
wicclls may lie within the zooid, overlap onto the 
K.xt one distafly or be embedded in its posterior 
wall; alternatively they may be wholly or partially 

P rated. Directly behind the ovicell is the orifice 
ipcniiig to the zooid. This is keyhole-shaped 
[{tough this is not immediately evident, since the 
■ftimary orifice is hidden beneath the upper surface) 
md closed by an operculum, hinged at its narrow- 
tit points on cardclles, so that when the operculum 


Figure 6.3 (a) Cupuladria (Mio.-Rec.), o young zoarium show¬ 
ing growth from central ancestrula - blank zooecia are the last 
formed |x10); (b) probable life position of zoarium. (Modified 
from Lagaiij, 1963.) 
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Figure 6.5 (a) Longitudinal section through a ge 

ascophoron with zooids refracted; (b) Smlltoidea man 
showing progressive development of the peristomiol raj 
young zooids. (Redrawn from Hayward and Ryland, 1979.) 


Tile frontal wall (i.c. upper surface) is coi 
in structure with a regular sculpture, secreted;! 
several layers. Cheilostomcs (Fig. Fi.2) are stniiid 
polymorphic, as is shown by the speti 
structures avicularia and vibracula, which 
both modified zooids. The avicularia (Fig. 
attached to the upper surface at speacs-spei 
locations. 

One kind, found in Biif’iila, resembles a 
head in shape and contains a single mu 
polypide. It has a hinged chitinous mandible 
opens and snaps shut in a constant motion, thi 
to cfiscourage both predators and settling larvtf; 

The polypide is reduced to a rudiment, jnd 
main internal soft-part stnjctures are the 
antagonistic muscle sets with which the nui 
snaps. The mandible is infrequently preserved 
but since its edge generally fits the aviciilani 


frontal wall 


Smtttoides marmorea 


Figure 6.4 Structure of the ascophoron cheilostome Smittoidea 
marmora, showing mature Individuals with ovicells (right). 


opens about this fulcrum the distal part (anter) rises 
and the proximal part (poster) sinks. When the 
polypide is retracted, it lies entirely within the 
cystid and the onfice is closed. When it emerges, it 
comes through the distal part of the orifice .is the 
anter lifts up. Connected to the proximal part of 
the onfice below the poster is a sac, the ascus, 
sometimes known as a compensatrix. which is 
suspended from the body wall by many parietal 
muscles. This compensatrix is concerned with 
polypide extrusion. When the nidial muscles con¬ 
tract, the compensatrix expands and the poster is 
depressed so that water enters the sac. As the com- 
pens.itnx swells, the polypide is displaced and has to 
emerge from the anter because of the hydrostatic 
pressure. The polypide can be pulled back in again 
when the retr.ictor muscle contracts. This causes the 
compensatrix to be evacuated hydrostatically (since 
the radial muscles are by this time relaxed) and the 
operculum shuts. 
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figure 6.6 (a) Avicularium in lateral view with different sets of 
nudes to open and close; (b) vibraculum, with musculature for 
fashing shown. (Redrawn from R/land, 1970.) 



figure 6.7 Time ranges and relative abundance of main bty- 
Koon groups. (Redrawn from McKinney and Jackson, 1989.) 


fonii is quite well reflected by die preservable 
slceleton. Avicularia may be sessile or, in the most 
extreme form, pedunculate, i.e. mounted on a short 
stalk. The least-modified sessile avicularia are said to 
be vicarious; these are slightly smaller than normal 
zooecia and replace them in the colony at regular 
intervals. Interzooidal avicularia occur between 
zooids and are reduced in size, whereas the much 
smaller adventitious and sometimes pedunculate 
avicularia arc found mainly in cheilostomcs in 
which they may occur anywhere on the frontal wall. 
There is a continuum between the two kinds of 
avicularium. Ryland (1970) has discussed their 
possible evolution in some detail. 

Vibracula (Fig. fa.6b) possess a long whip-like 
bristle (seta) projecting from a sessile basal chamber 
which contains only the muscles. The seta swings 
on a pair of opposing pivots just above its lower end. 
The muscles arc attached below the pivots. When 
triggered into action the contraction of the muscles 
causes the seta to lash violently. This stimulates 
neighbouring vibracula, and the whole ensemble 
will strike hard against any alien object, discourage 
settling larvae or winnow away sediment. In lunuli- 
tifonii bryozoans, vibracula may be modified as 
‘legs’ on the underside of the colony, enabling it to 
move. 


6.3 Classification 


PHYLUM BRYOZOA (Polyzoa; Ord.—Ret.); Sessile colonial 
coeloiiiates, iionnally marine, rarely freshwater, consisting of 
small linked zooids, usually with a calcareous or more rarely 
an organic skeleton. Zooids have a tentacle-bearing retractile 
lophophore and a U-shaped gut with the anus outside the 
tentacular ring. Colonics arise from an ancc.strula (or rarely a 
statoblast), and are encrusting, creeping, erect or m chains, 
polymorphic in some groups. 

The classification adopted here is that of Boardman et al. 
(1983) in Robison, Treatise on Ini'ertehrale Tatcoittoli^y and 
McKinney and Jackson (1989; Fig. 6.7). 

CLASS 1. PHYLACTOLAEMATA (Tert.-Rec.); Non-calcarc- 
ous freshwater bryozoans. Zooids with horseshoe-shaped 
lophophores; statoblasts produced as resting buds. Twelve 
genera only. I’lunialella, Cristaiella. 

CLASS 2. STENOLAEMATA (Ord.-Rec.); Calcified marine 
bryozoans, usually non-operculate, with an e.xtensive fos¬ 
sil record. Zooids are cylindrical and elongated zooecia 
continuing to grow throughout the life of the colony and 
set at an angle to the direction of colony growth. Each 
polypide is surrounded by a membranous sat. Tentacle 
extrusion in living fonns is brought about by muscular 
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Figure 6.8 Treposlomes. (a) Anisotrypa (Carb.), Alabama (x 6); (b) Dekayia (Ord.) showing a longitudinal section (left), o tangen¬ 
tial section with acanthostyles (above right) and a transverse section (below right). (Drown from a photograph by J.P, Ross in Joumof 
of Paleontology, 1962 ) 


Figure 
Eng Ian 


la) |b) (d) 



Figure 6.9 (a), (b) Possible origin of Cretaceous cribrimorphs from membraniporoids, showing (a) ancestral membraniporoid t/pi | 
with radiating apertural spines and (b) spines to form costae covering frontal chitinous memDrane, (c) Pelmolopora gregory, o 
Cretaceous cribrimorph (frontal view) (x 25); (d) Tricephalopora pustulosa, a Cretaceous cribrimorph (x 25 approx,), [(o)^ Figure 6. 
Redrawn from Larwood, 1962; (d) photograph reproduced by courtesy of Dr G.P. Larwood.] (I^rawn 
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action forcing coclomic fluid into the proxiiiul part of the 
looui displacing the tentacles distally, 550 genera. 

ORDER 1. CYCLOSTOAAATA (better known as Tubuli- 
porat.i. the usage adopted in the Treatise on Itweilehrale 
Pultonlolofy, Ord.-Rec.): Erect or encrusting zoaria 
of tubular zooecta possessing either circular apertures 



figure 6.10 Theonoa diplopora (Cyclostomata), Jurassic, 
England, showing radial ridges (xlO). 


separated by pseudoporous frontal walls, or contiguous 
polygonal apertures. Interzooecial walls usually pierced 
by mural pores; e.g. Cnsiit, Bereiikeo (Fig. 6.11), 
Slomalopora (Fig. 6.11), Mcsenleriporo (Fig. 6.12). 

ORDER 2. CYSTOPORATA (L. Ord.-U, Perm.): Similar to 
cyclostoiiies but with regions of curved cystiphragms 
separating zooecia and/or have crescentic projections 
(lunaria) around zooecial apertures; e.g. Fislulipora, 
('eranwpora. 

ORDER 3. TREPOSTOMATA (Ord.-Trias.): ‘Stony bry- 
ozoans’ forming massive zoaria with elongate auto- 
zooecia which arc initially thin walled but become 
thick walled ckise to the zoanal surface where small 
mcsozooecia, filled by closely spaced diaphragm.s. 
may inteiwene between autozooecia. Mural pores 
absent; e.g. Moiitkiilipora, Aiiisolr)'pa (Fig. 6.8a). Dekayiit 
(Fig. 6.8b), Hallopora. 

ORDER 4. CRYPTOSTOMATA (L, Ord.-U. Penn.): Zoaria 
erect and tree-like or foniiiiig bilamniar sheets, auto- 
zooids short, with basal diaphragms or incomplete parti¬ 
tions (hemisepta); e.g. Arlliroplira^ina. 

ORDER 5. FENESTRATA (L. Ord.-U. Perm.): Zoaria erect 
and net-like with uiiilaminate branches, autozooids 
short and commonly with hemisepta; e.g. Feiiesiello, 
R Itahdoine.toii, A rehiinedes. 
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Figure 6.12 Meienteripora, showing lunate structure by means 
ot which overgrowth of old zooecia has taken place. (Redrawn 
from Taylor, 1976.) 


CLASS 3. GYMNOIAEMATA ((.Ird.-Rcc.): Mamie, occa¬ 
sionally brackish or frinhwatcr bryozoans which may be 
calcified. Zooids arc box-like or may form short cylinders. 
Their size is fixed early in development and their long axes 
coincides into the local direction of growth of the zoar- 
lum. Zooitls connected by a funicular network. 
Lophophores everted by muscular defoniiation of part of 
the body wall. Stronglv polymoqihic. 650 genera. 

ORDER 1. CTENOSTOMATA {Ord.-Rec.): Zooids uncal- 
cified. svalls membranous or gelatinous, lacking ovicells, 
frequently penetrant. Examples include Bouvrhaiileia 
(Fig. 6.la-e), Al<yonuliiim, (>rlii\'iiyiy/>orit (Fig. 6,2c). 
ORDER 2. CHEILOSTOMATA (|ur.-Rec.): Zooids 
calcareous, with short box-like zooccia having a distal 
onticc closed by a hinged operculum. Aviculana 
and vibracula common. Embryos brooded in ovicells. 
The four suborders arc defined on calcification of 
the tronral wall and according to how the lophophore 
IS protruded. Examples include Swittitui (Figs 6.2, 6.4, 
6.5), Xlruihriiiiipcrtt, Cribrilina, I'diiuUoputa (Fig. 6.9c), 
Giipiiliidriit (Fig (i.3a,b), GrcpiJtnaiiilht (Fig. 6.2d), 
Citstiinoporii (Fig. (i.2b). 


6.4 Morphology and ovoluHon 


Sliortly after their first appearance in tlie early 
(Trdovician the Bryozoa underwent a great burst of 
evoltition, resulting in the estahlishinent of the early 
Stenolaemata, which by the late Ordovician were 
very abundant and diverse. The Stenolaemata are all 
extinct now apart from the Cyclostomata, but were 
the dominant class of Palaeozoic bryozoans. Of all 
the Stenolaemata the most important and abundant 
m Lower Palaeozoic times were the 'stony bry¬ 
ozoans’, the Trepostomata (Fig. 6.8a,b). They 
fonned stick-like or globular calcareous zoaria up to 
5(1 cm across. The zooecia are tubular and closely 
packed with cross-partitions and thickened distal 
parts. Sometimes the zooecial apertures are clustered 


in groups at the summit of small mounds (montic¬ 
ules). The zooecial walls arc constructed of thin 
laminae, with the individual laminae at intervals 
fonning mcniscus-like diaphragms or cross-parti¬ 
tions. There is no communication through auto- 
zooecial walls. Between the large zooecial apertures 
(autozooecia) there are often smaller opening! 
(mesozooccia): these suggest the fonner presence of 
some kind of smaller polymorphic zooid 
Sometimes acanthostyles (rod-like spines of cone- 
in-cone calcite) arc visible at the intersections of' 
zooecial walls. 

The Trepostomata, which after their initial evo¬ 
lutionary burst became so abundant in the 
Ordovician and Silurian, declined thereafter n 
cryptostomes became dominant, and they finally 
died out in the Triassic. 

The Cryptostomata appeared in the early 
Ordovician and, declining somewhat thereafter, 
held their own until the end of the Pennian. The 
Fenestrata however, to which they arc related, 
reached their acme in the later Palaeozoic. 

Fenestelhd colomes (Fig. 6.13a-d) grew from an 
anccstnila forming first a ring of zooccia and then a 
circlet of upright branches; these bifurcated at inter¬ 
vals giving the colony a cup-shaped form or in some 
.species the form of a half-cup> or fan. 

Whatever the form of the colony, the branches 
arc subtnangular in cross-section and have rows of | 
zooecia opening onto only one face of the colony 
The branches are connected by cross-bars with rec¬ 
tangular spaces or fenestrules between (Fig. 6.13e) 
The skeleton was probably secreted by a thiD 
epithchum which extended over the whole surtacf 
and, as in some living cyclostomcs, the zooids prob¬ 
ably shared a common coelom. 

Since the growth of the bryozoan skeleton is 1 1 
‘colonial effort’, the colony may become highlv 
integrated rather than remain as no more than an 
aggregate of individuals. The ftinctional morphol¬ 
ogy of bryozoan colonics is potentially a fruitful 
field for research. FcncstcUid colonics, to take an 
example, have been ,malyscd ftinctionally by Cowm 
and Rider (1972). The arrangement of the zooeca 
and the fonn of the zoarium are clearly important in 
understanding how the colony operated as a whole. 
It has been postulated that the ‘operational subuniu' 
of the fcnestcllid colony arc the fcncstnilcs. In the 
main branches, the lopihophores of equally spacid 
zooids on opposite sides of a median ridge ut 
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(•I (b) (c) (d) 



^re6 13 Morpholo^ and direction of currents inferred in 
•iestellids: (o) Carboniferous fenestellid with inward-facing 
tttxj; (b) Silurian fenestellid with outward-facing zooecia; (c) 
Wiimedes (Corb.-Perm.), a spiral colony, (d) fan-shaped fen- 
fAlid, using unidirectional current; (e| Feneslella 
(ab.-Penn,), part of the zoarium showing zooids reconstructed 
•Blending into fenestrules (x 8 approx.); (f) Archimedes, inter- 
(rtolbn of feeding by spiralling currents. (Redrawn from 
Cowen and Rider, 1972.) 


considered to have extended into tlie fenestnilc 
fonning a filtering net, the cross-bars giving support 
and dividing up the f'enestruk's. A combined feeding 
current set up by tlie zooids would draw water in 
through the fenestrules. enabling them to strain off 
all the food material with their lophophores. and 
would thus give high filtering efficiency. 

The growth forms of fenestellid colonies may 
have been adapted for maximizing filtering effi¬ 
ciency at the colonial level. Two kinds of cup¬ 
shaped colonics are known: those with zooecia 
facing outwards (common in the Silurian), and 
those with inward-facing zooecial apertures (more 
common in the Carboniferous). There are also fan¬ 
shaped (half-cup) and spiral colonies. The cup¬ 
shaped coloiues would probably be equally efficient 
whether they drew in water from the lop and 
exhaled it laterally through the fenestmles. or 
whether they sucked it in at the sides (like a sponge) 
and sent out an excurrent stream from the central 
cavity. Fan-shaped colonies (again as with certain 
sponges) would have the best shape for taking in 
water in a regime where a weak current was con¬ 
stantly flowing nonnal to the fan surface. 

The peculiar Arcliitnah's has a typically fenestellid 
network structure, but this describes a helical spiral 
around a thick central calcareous column. Such a 
brs'ozoan standing upright on the sea floor would be 
flinctionally efficient if the combined action of the 
lophophores generated a current stream coming in 
at the top and running spirally along the ‘deck’ to 
the base, as down a fairground helter-skelter (Fig. 
f). I3f). As the main stream travelled spirally down¬ 
wards, some of it would be sucked through the 
innumerable fenestrules and passed away in a cen¬ 
trifugal stream just below each deck. Since the fen- 
estellid feeding current reconstructions were 
conceived, based upon fossil material alone, some 
very similar functional analogues have been found 
in the modem chcilostome Ren-pora, which resem¬ 
bles and feeds m precisely the maimer which had 
been predicted for fencstellids. 

Not uncommonly, new spiral Aniiiiiiciks colonies 
originated from pre-existing, ageing branches. 
Possibly hundreds or even thousands of genetically 
identical colonies were produced in this way from 
an original founder (McKinney, ld83). Likewise the 
living cheilostomc tiirrita has erect spiral 

colonies, the result of equivalent growth parameters, 
as computer modelling has shown. 
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Some renestcilieis were lyre-shaped, e.g. Lyropora. 
riicy have a thickened marginal rim supporting a 
fenestrate network m tlie shape of a bowed hin. 

1 hese bryozoans (McKinney, 1977) evidently lay 
fiat upon the sea floor so that there was an open 
vault below the fan, the zooids being on the upper 
surface. The Ian was probably orientated vs'ith the 
proximal end on the upstream side, so that water 
was sucked through the fenestrules, filtered and dis¬ 
charged through the open end of the vault. 

Clryptostomes and fenestrates outclassed the tre- 
postomes in the late I'alaeozoic, but by the end of 
tlie I’ennian they loo were extinct. 

Many kinds of Palaeozoic bryozoans exhibit 
homeomorpliy, since there are only a limited 
number of‘ways ofbeing a bryozoan' (Ulake, 
layior and Badve. 1995). Such evolutionary 
convergence can operate either at the level of the 
colony or the zooid. Thus there are lyre-shaped 
fenestrates and cyclostomes of virtually identical 
form, operating functionally in the same way. In 
rarer instances both zooid and colony form .ire 
strongly homeomoiy'liic. .i.s in the Cretaceous 
Cliiplonkiiriiut. a cheilostome with long tubul.ir 
zooecia just like those of cyclostomes, and a colony 
type of remarkably similar fonn. 

The Cyclostomata (Fig, b.ll) were the only 
group of calcareous bryozoans to cross the 
Falaeozoic-Mesozoic boundary (though the unc.il- 
cified ctenostomes did also and survived into 
the Jurassic). Since there was little competition 
they were able to dominate the Mesozoic scene. 
1 hey had become very diverse and important by the 
Lower Cretaceous; indeed according to Ryland 
(1970) ‘their zenith during this peritid constitutes 
one of the highlights in the history of the Bryozoa’. 
They have declined (relative to the cheilostomes) 
since, though some siirs'ive to the present, and since 
they are the only living representatives of an ancient 
stock, most of our conceptions of soft-part mor¬ 
phology in Palaeozoic bryozoans are based upon 
them. The cyclostome zooid is cjuite like that of 
liiwerluvikiii, though with a few characteristic dilJer- 
ences, and there is some degree of polymoi'phism. 

Many cyclostome colonies seem to have been 
ciiiite well integrated, and the colony rather than the 
individual, .as with fenestellids, is the functional unit 
in temis of effective feeding. 

It is possible to infer the fonner presence and 
direction of e.xtrazooidal feeding current systems 


here, both from the differential spacing of autozoix- 
cial apertures and from their orientation (Tayloi, | 
1979). Some bryozoans have regularly spaced Jiitu- 
zooecial apertures, often arranged in a system n( i 
he.xagonal close packing. But in many kinds of biy- 
ozoan, the aiitozooecia arc unevenly distnbutiii 
over the colony surface. For example, the Junisic 
cyclostome Spiropora, an erect branching genus, bk 
autozooecial apertures arranged in bands arraiipi 
crosswise to the axis of the branch. In TJtfdMOa (iij 
6.10) the discoidal .apertures arc arranged in raiU 
bundles (fascicles) which can be regarded as sub- 
colonies. In the large, subsphcrical colonies of tk 
Pliocene Mcividropora the surface displays circubl 
fa.sciclcs, each bounded by an exterior wall. Duniij 
the growth of the colony these fascicles altcmatcli 
differentiate and anastomose (Balson and Tayloi, 
19«2). 

In all these c.iscs, the regions of clustered auto- 
zooecia — whatever their arrangenicnt - must br 
sites of inhalent flow. The closely packed zootcb 
cooperated to produce a stronger current, filtnm 
more water in unit time, than would laave beenpw- 
sible if they had operated individually. The e.xhalnr 
currents were channelled away through regia 
devoid of autozooids. Another such system is exhib¬ 
ited by the many bryozoan colonies in which it 
surface is raised into mounds or monticules. Tk 
autozooids are located in the depressions betwtt 
these monticules, and because of their setting on it 
concave surface their tentacle crowns 
together. These depressions must have been in i 
sites of cooperative inhalant currents, while 
monticule summits, where aiitozooecia are spaisew 
absent, acted as exhalant chinuteys (Banta fi 
1974; Taylor, 1978). The powerful exlulant f* 
rents, in their turn, were able to clear sediment j 
to disperse larvae or excreta. 

Homeoniorphy, as previously mentioned, 
common. Such evolutionary convergence canon 
ate cither at the level of the colony or the zo<t<| 
Thus there are lyre-shaped fenestrates 
cyclostomes of virtually identical fonn. In 
instances both zooid and colony form are stroni 
homcomorphic, as in the Cretaceous Cliiplonka 
a cheilostome wdiere the zooids, long and tub 
arc virtu.illy identical with those of cyclostoines.j 
the type of colony (Taylor and Badve, 1995). 

During jur.issic time the genera Slivnatopim/ 
licrciiiccti (Fig. 6.11) were the dominant cyclosK 
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Thc\ arc both cncmstcrs and whereas they are often 
ibund together they arc quite unlike each other in 
colons fomi, and tlicir adaptive strategies were very 
lifforcm (Taylor, 1979). Stomatopora colonies consist 
ofdichotomously branching uniserial rows of zooc- 
cu, by means ol which the colony spreads rapidly 
uJ radially. The angle between successive biftirca- 
wns diiiumshcs as the colony grows and. as coiii- 
poier simulations have shown, this delays the 
Oieriappiiig ol branches until the colony is very 
lirge. Bcmikcii colonies, on the other hand, arc ini- 
Hally fan-shaped, later becotning discoidal. They 
^’cmuch more closely packed zooecia, linked by 
inimerous pores. The colony was well integrated, 
^Bftiting e.xtrazooidal feeding currents, which 
fcwed radially inwards and discharged upwards 
iiovc the colony centre. 

Stmatoporj has been interpreted a.s an oppor- 
Bnistic species capable of rapidly colonizing new 
«ws. The advantage of its uniserial dichotomous 
jiBUlh is that the colony could spread quickly trom 
B point ol origin. Some parts of the expanding 
rtlony might therefore be able to locate safe 
itlbgcs’, e.g. recesses in the substrate, where they 
*«ild be protected ftom predation or other haz- 
zik. Berenkca, on the other hand, although more 
Wy growing, used space more economically and 
Munich more fully integrated. Bcraticta nomially 
jpliccd Stomiitopora in ecological succession and, 
MBpcting more effectively for substrate space, is 
npnlcdas an equilibrium species. In evolutionary 
inns, therefore, Stoiniitophna is an r-strategist, 
illtrca.s Bcreiiicea is a K.-strategist. 

TTic relative numerical decline of the Cyclosto- 
au m the later Cretaceous and Tertiary relates to 
fc great contemporaneous expansion of the 
Mostomata, the last and perhaps the most 
Kccsstiil of the bryozoan orden to arise. They 
(olubly originated not from cyclostomes but from 
*K)stomcs, which were then in existence but 
ftosc fossil record is poor since they are always 
^dfied. 

Order Chcilostomata is divided by Ryland into 
iBi suborders: Ascophora, An.isca, Gymnocystidea 
li Cribriniorpha. Ascophoran structure has been 
Bcnbed above in relation to Sitiiitiiia, though 
dun this suborder there is much structural varia- 
Bi 111 the position of the ovicell and the orifice and 
nfie sculpture c>f the upper surficc. 

The Aiiasca lack the ascus, and the polypide 


extrudes through the action of internal muscles on 
the fle.xiblc frontal membrane. Both the Aiiasca and 
the Ascophora arc very important today (Ryland 
and Hay^vard, 1977; Hayward and Ryland, 1979). 
Cribriniorpha (Fig. 6.9), however, after a brief 
though substantial expansion in the late Cretaceous 
(e.g. Larwood, 1962) have now greatly declined. 
These arc usually unilaminar encrusting forms with 
calcified side walls, though the primary frontal wall 
in which the aperture lies is of chitin. This membra¬ 
nous wall is overarched by calcareous costae or ribs 
wliich fonn a secondary frontal wall and meet in the 
midline. These fuse, making a kind of porous cage 
over the primary wall - perhaps the most elaborate 
wall structures ever evolved in the bryozoans. The 
apertural region is usually protected by a semicircle 
of oral spines. 

CheOostomes, by their marked polymorphism of 
the avicularia and vibracula and by the connections 
between zooids, express a high degree of integra¬ 
tion, which may have involved some modification 
of the structure of the colony to make maximum 
effective use of the feeding currents. 

The geological history of bryozoans is incom¬ 
pletely known because of the poor record of the 
non-calcificd forms. Nevertheless, it is clear that 
particular groups were dominant at certain times 
(Fig. 6.7). In the early Palaeozoic the trepostomes 
and cryptostomes were especially imporuint, 
whereas the acme of the fenestrates was in the late 
P.ilacozoic. After the Pennian extinctions the 
cyclostomes, which had been present throughout 
the Palaeozoic, expanded vastly in the Jurassic and 
late Cretaceous, declining in relative abundance 
only when the cheilostomes arose to become the 
dominant bry'ozoans of the latest Cretaceous and 
Tertiary. In Recent seas they are perhaps the most 
numerous lophophorates. In each of these groups 
the degree of colonial integration varies. It is 
claimed indeed that the colony rather than the zooid 
has been the unit of natural selection. Thus in 
Recent sc.is the specialization of avicularia and other 
polymorjihs can only be seen in tenns of benefit to 
the colony as a whole. In addition, polymorphism 
occurs in 75% of all living cheilostomes, especially 
in those species living in predictable environments 
where sufficient food resources would allow the 
'luxury' of non-feeding zooids. 

Several trends, indicating progressive adaptive 
evolution in bryozoans, have been defined 
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(McKinney and Jackson, l‘)S9). Examples arc 
increased calcification of zooids, increased integra¬ 
tion ofzooids in clieilostomes, and a shift of rigidly 
erect species into deeper water. Such long-tenn, 
often polyphyletic adaptations can iisii.illy be related 
to the improvement of the colony as a living mech¬ 
anism, or to defend itself against predators. 


6.5 Ecology and diftribution 


Uryozoans arc abundant in all oceans with a maxi¬ 
mum in the western Pacific. They are found at all 
depths from the shoreline down to the abyssal zone 
— the deepest record is over bSOO m — but they 
decrease m numbers and importance in the fauna 
with depth. 

The controls of distnbution are as follows. 

Temperature, for though a few species are eur>'- 
thermal most have restricted temperature ranges. 
Wave action, since the colonies arc liable to 
damage. 

The availability of a hard substrate upon which 
the larvae can settle. This is especially important 
in limiting depth range, for deeper sea sediments 
are much finer than those of the continental 
shelves and deep-sea oozes otTcr little prospect of 
a firm anchor.ige. There are, however, some 
gymnolacmates which can settle on fine particles, 
and anchor themselves by roots which penetrate 
the substratum. 

Salinity, which is a fairly important control. For 
example, since waters otf large river mouths have 
reduced salinity as well as much suspended sedi¬ 
ment, few bryozoans arc found there. Even so, 
there are a few curyhalinc bryozoans which can 
withstand salinities of only 20 per millc, including 
the ubiquitous Bowcrliiinkui. 


Shallow-water bryozoans 

Relatively few Kecent bryozoans are intertidal since 
the high environnient.al energy and the problems of 
desiccation between tides are too great for such del¬ 
icate organisms. The sublittoral zone, however, has 
a wealth of bryozoan colonies. They feed largely on 
the abundant phytoplankton of this zone and are 
especially common at depths between 20 and 80 m. 


The depth ranges of many bryozoan species frotn 
shallower waters are well known and they tendio 
fonn characteristic associations with other orjpui. 
isms, soitie of which have been remarkably pcni'- 
tent through time (Hayward cl al., 1994; Smith,, 
199.S). 

Bryozoans may be enemsters, of erect coloiti 
form, free living, or may live rooted in soft sedi¬ 
ment. Such growth forms are a reflection of adap¬ 
tive strategics, and as McKinney and Jackson (1V89) 
comment, ‘growth pattern and form of a bry(iziMt| 
colony is an expression of its ecological niche tiicit [ 
than its phylogenetic history’. 

Encrusting loriiLS tend to be common in shallow 
waters, owing to the availability of suitable sub¬ 
strates, but are more common on ephemeral tliaa 
long-lasting substrates, e.g. dead shells, .ind sea¬ 
weeds. Although they do occur also on stable sub¬ 
strates, they are usually outlasted by domina* 
competitors. Some Mesozoic species were able to 
produce frontal or penpheral subcolonies, and nuw, 
though not all. seem to have reproduced onceonh' 
and died soon afterwards (McKinney and Taylor, 
1997) They may be runners (cf the Jiinsa 
Stomatopora), or fonn sheets consisting of a sin^ 
layer or several layers; the latter kind may torn I 
mounds and thick sheets. Multilayered sheets air| 
common on substrates of limited dnnensicins. Sn 
Jurassic cncnisting bryozoans are known to ban 
made the best use of limited substrates by repeaW 
overgrowth of old zooccia by young autozooeot 
orientated in the .same direction. During such 
tilamellar' growth (Taylor, 1976), new zoixoij 
develop along a characteristic C-shaped g’ovdii-^ 
margin (Fig. 6.12). The two ends of the ‘1! I* 
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remained stationary while successive incremeA 
expanded away from them, retaining the ‘C’ shapt 
As the growth margins expanded, they usually ciiwj 
in contact with other C-shaped growth margini,si 
which there vs'ere many per colony, and the rou^ 
taut interactions were often of complex form. Tl* 
great advantage of this system is that the colony nij 
whole thus has a longer lifespan than normali b 
repeated incrustation of the same area, whereas ertj 
zooid is allowed an equal length of life before Ixinj 
covered by the next layer. 

Another kind of multilaincllar growth has b» 
shown in the Mesozoic tubular bryozw 
Riplomullicava (Nye and Lemone, 1978). Hm- 
parental ztsoecium gave rise to two or more w* 
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pteooei.ial buds (founding zooccia). These then 
Itoilcsced as they grew up and over tlie apertural 
I nmsofthe parent zooecia and merged with adjacent 
' founding zooecia. Thus tliere originated a new layer 
,nt overgrowths whicli, as in the genera mentioned 
|(jitviously, reused existing space with a new layer ot 
Inmg zooecia. 

Emi bryozoans may fonn unilaminar or bilaminar 
I (lieei>, or arborescent colonies where the growing 
Ops of the branches have repeatedly divided to pro- 
I'iu'c a tree-like form (adconifonn when bilaminar). 

I There are several advantages in erect growth, 
including the increase of tissue area relative to the 
oibstrata, the raising of the colony above the sea 
Sour giving improved access to feeding grounds 
I ibove the sea floor, and protection from predators 
Lind swamping by sediment. Of the erect forms 
bnd ill shallow waters, many, e.g. the bilaminar 
1 Swim, have flexible zoaria which are better able to 
Oidistand current actions. Stoutly constmeted erect 
1 jtDirra can withstand moderate current strengths 
1 jnd are able to absorb the stresses, while the more 
[jjdicately branched fonns prefer quiet waters. 
McKinney and Jackson (l9S‘f) discuss various adap- 
Wr Jtratcgies in erect bryozoans with respect to 
(wbleins of breakage and flow. 

A free-living habit has been common in bry- 
BMiis since the Ordovician, and while many of the 
ton' trepostomes, for example, may have rolled 
lithe sea floor, other, large colonics lay passively, 
iicc the Lite Cretaceous, however, many kinds of 
lull discoidal or cap-shaped free-living colonies 
live ansen. These arc the dominant free-living 
WTiB oiday, successfully colonizing loose, moving 
iplcd sands. 

One such species of particular ecological interest 
Itbc widespread anascan cbeilostomc Ctipiiladria 
tmii (Fig. 6.3a,b). for its habitat and distribu- 
1 in Recent se.is and from the Miocene onwards 
dbeen very thoroughly researched (Lagaiij, 1063). 
^ives at depths between about 5 and 500 m, but it 
limw common on continental shelves on a sand 
htntc in the Atlantic and East Pacific. It can tol- 
»ic temperatures between 12 and 31°C, though it 
Itmally confined within the 14°C isocry me and 
>ahnitics between 27 and 37 per mille. 

The larvae have strong sediment preferences, so 

I fo: colonics arc always found where the particles 
quartz grains, foraminiferids, glauconite pellets 
luliiidl fragments) are large enough to peniut set¬ 


tlement, but not too large. Cupiiladriti (Fig. 6.3) can 
tolerate a certain amount of mud since the vibracula 
whip constantly and prevent the settlement ot clay 
particles. 

Colonies are always hmulitiform, i.e. have a con- 
cavo-conve.x lensoidal fonn, and rest on the bottom 
raised on vibracular setae. Many lunulitifonn types 
(such as the related Sflenaria, though not Cupniladria) 
can ‘walk’ on these setae across coarse unconsoli¬ 
dated sediments. Since the temperature limits of 
Kecent colonics arc well known, and assuming no 
change of habitat preference through time, it has 
been possible to use C. canariaisis as a good 
palaeotcmpcrature gauge. Since it is coimnon in 
Miocene and Pliocene sediments of the North Sea 
Basin, the temperature of the water during deposi¬ 
tion of these sediments must have been at least 9°C 
higher than it is tod.ay. The first appearance of this 
species is a good stratigrapliical marker for the 
Lower Miocene, and on this criterion several suites 
of Tertiary sediments have been assigned to their 
correct system. 

Rooted bryozoans (most of which are 
clieilostoincs) are erect colonics attached by long 
tubes from the proximal end to grains of sediment. 
Some of these (e.g. Sphaeropora) project above the 
sediment surface like small fungi, though some may 
reach 15 cm in height. Kooted bryozoans are com¬ 
mon ill soft sediments in deep waters (>1 ()()() m). 

It may be possible to infer depth relationships in 
fossil bryozoan-bcaring assemblages from colony 
fonn, but only in the broadest and most general 
sense and in conjunction with other criteria, since 
by itself the shape of a colony is not an unequivocal 
palacoccological indicator. 


Reef-dwelling bryozoans 

Bryozoans have been quite significant as frame 
builders or as sediment binders in various kinds ot 
reefs through geological time. In Ordovician to 
Devonian coral-stromatoporoid reefs they fanned a 
.subordinate part of the reef fabric and assisted in 
binding the sediment. Commonly they bridged gaps 
and allowed cavities to fonn below them, these 
often becoming filled with fine sediment. There is 
some evidence of vertical zonation of bryozoans in 
some Silurian reefs. 

In the large Penno-Carboniferous algal reefs they 




156 Bryozoans 


contribxite in a minor way, or on a localized scale 
sometimes more importantly, to the reef frame¬ 
work. Fenestclhds have been found in life position, 
projecting outwards from a steeply dipping reef face. 
They also occur in patch reefs as frame builders. 

Modern coral reefs may cany' abundant faunas 
of encrusting bryozoans, which are in places signifi¬ 
cant frame builders. .Strongly built, thick-walled 
cncrusters are found in regions of turbulent water, 
whereas the more delicate cribrimorphs live in shel¬ 
tered cavities. The larvae of these types have strong 
habitat preferences and will only settle on particular 
substrates, usually coralline algae or dead skeletal 
material. Water turbulence seems to be the primary 
control of distribution within the multifarious habi¬ 
tats provided by the coral reef and bryozoans of var¬ 
ious types, though almost all enemsters will flourish 
almost anywhere that is free of suspended sediment. 
Most species seem to have particular function.al 
adaptations for such habitats, though many of these 
have not been investigated in detail. 


Deep-water bryozoans 

Most of the abyssal and bathyal Bryozoa of Recent 
seas are cheilostonies. Many species taken from 
depths of over 1000 ni were attached to shells, 
pebbles and other hard surfaces, and they have been 
found at some 25% of deep-sea stations. Rooted 
species, with long root-like threatls capable of hold¬ 
ing them securely in soft sediment, arc now known 
to be very .abundant and diverse in deep waters, and 
are dominant below 1000 m. 


6.6 Stratigraphical use 


Since Palaeozoic bryozoaii genera tend to be long 
ranged and facies controlled, their srratigraphical 
applications are usually poor. Species assemblages 
within given facies are regionally very useful for 
zon.il purposes, however, especially in widespread 
carbonate shelf sediments. Some of the Cretaceous 
and Tertiary bryozoans seem to have linuted vertical 
distribution, and as their time ranges become better 
known so their stratigraphical potential increases. ' 
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7.1 introduction 


Brachiopods arc benthic inannc amnials whose soft 
parts are enclosed within a two-valved shell. They 
have some resemblance to bivalves m that they pos¬ 
sess a hinged pair of valves and feed by drawing 
water into the shell and filtering otf the food parti¬ 
cles, but zoologically they are quite separate. The 
two valves are of different sizes but symmetrical 
about a median plane, by contrast with the 
equal-sized but inequilateral valves of the bivalves. 
Brachiopods arc first found in the Cambrian and arc 
very abundant in the fossil record, often being the 
commone.st and most ubiquitous fossils in any shal¬ 
low-water deposit. In the Palaeozoic they were a 
very important phylum and, though they were dec¬ 
imated in the Penman, some genera continued as 
the dominant benthos in localized areas during the 
Mesozoic where they may be vastly abundant, and 
by far the commonest fos.sils. Although their impor¬ 
tance has since declined, they are, however, com¬ 
moner today than formerly thought, especially in 
deep and cold waters. This may represent a real shift 
in environment through time. 

The shallow waters ofFNew Zealand contain abun¬ 
dant brachiopods (12 species of five genera), and this 
is the classic area for research on living brachiopods. 
There are, however, more diverse faunas elsewhere; 
the British Isles have 21 species of 17 genera (Bninton 
and Curry, 1979), though these are nomially found 
in deeper waters and are hence mrely seen. 

Over 45(M) fossil genera are now known, though 
no more than U)0 are living today, albeit these arc 
widely distributed and found at all depths in the sea. 
Many of the fossil genera have been found to be 
stratigraphically useful at various horizons. 


7.2 Morphology 


Certain fundamental characters arc common toil 
brachiopods. They all have a shell of two vail'd, 
usually fixed to the sea floor by means of a stalk o( 
pedicle (though some are cemented, attached 
spines or free-lying), and a complex food-gathcraj 
organ called the lophophore. Until recently, (aid 
as in the third edition of this book), bracliiopod 
were grouped in three classes: Lingulata, Inarticul* 
and Articulata. These are broadly equivalent to tl^ 
present Subphyla Linguliformea, Craniifomica aid 
Rhynchonellifonnea, respectively, in the new clfr 
sification of Williams et al. (1996). This has b«j 
established on a cladistic basis and tested against thi 
stratigraphic record. While the original terms an 
now superseded, it is still proper to refer colloquiallji 
to ‘inarticulated brachiopods’ for the first two sub¬ 
phyla, and ‘articulated brachiopods’ for the third,! 
detailed classification is set out in section 7.4. 

SUBPHYLUM 1. LINGULIFORMEA (L. Caiii.-Rec.): Bnclua 
pods in which the valves are not hinged by teeth and todui 
and in which the shell is chitinuphusphatic in lunipusiDOl 
The pedicle is fleshy and inuscular, and emerges betwetiidi 
valves or from the apex of one of the valves. 

SUBPHYLUM 2. CRANIIFORMEA (L. Cam.-Rec ): Urjcliiopoi 
likewise lacking teeth and sockets, but with a calcartu* 
shell. I'edicle reduced or absent. 

SUBPHYLUM 3. RHYNCHONElllFORMEA (L. Cam-RtiJ 
Calcareous-shelled brachiopods in which the valvei a 
liinged by teeth in one valve and sockets in the other. Hi 
pedicle is made of a dead homy material and in some yJ 
genera appears to have atrophied. The rhynchoncllitoni^ 
are much more diverse and abundant dian the linguliibtnil 
or craniifonnes. They appear at the same level in the Lom 
Cambrian; however, the main early radiation of the rii)! 
chonellifonnes was not until the early Ordovician. 
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Subphylum Rhynchonelliformaa 

Morphology of three genera 
Magellania 

The recent bracliiopod Mai^ellatiia (Order 
iTercbratulida, Suborder Terebratellidina; Figs 7.1, 
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7.2) lias been well chosen by many authors as a 
typical example of a modem rbynchonellifomi 
braebiopod. 

It shows clearly bow the bard parts relate to the 
living anatomy, which is useful in interpreting the 
ubiquitous tcrebratulidcs of the Mesozoic. 
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Magellania flavescens: (a) upper surface with brachial valve (x 2 approx.); (b) lateral view (x 2 approx.; (c) anterior 
iw|* 2 approx ); (d) in life position, showing pedicle attachment; (e) internal view of pedicle valve (x 2 approx.); (f) internal view 
rfkmdiiol valve (x 2 approx.); (g) larva. [(a)-(f) Based on Davidson, 1851; (g) based on illustration in Percival, 1944.) 
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Figure 7.2 Magellania flavescens: median section, somewhat stylized. 


to rocks and stones at depths of 12—600 m in 
Australian and Antarctic waters. 

The two oval calcareous valves differ in size but are 
equilateral atid divided by a single plane of symmetry. 
In standard onentation the ‘upper’ valve is smaller 
than the ‘lower’. There has been some controversy as 
to what tliese two valves should be called; the ‘upper’ 
valve is variously known as the brachial or dorsal 
valve, the ‘lower’ as the pedicle or ventral valve. 
The terms ‘brachial’ and ‘pedicle’ refer to structures 
contained within the valves and thus are more tech¬ 
nically correct. Furthemaorc, the conventional dorsal 
or ventral orientation is not necessarily a life orienta¬ 
tion; in fact the brachiopod, when fuxed by its pedi¬ 
cle, has both valves vertically held or may have the 
pedicle valve uppermost. Hence the temis ‘brachial’ 
and ‘pedicle’ are adopted here as standard practice to 
designate the valves though the other system is admit¬ 
tedly simpler. 

EXTERNAL MORPHOLOGY 

The superficial resemblances of such brachiopods as 
Magellania to Roman oil lamps has long been drawn, 
hence the vem.acular term ‘lamp shells’. The two 
valves are unequally biconvex. Each grows from the 
first-fonned part, the protegulum. which later 
becomes part of the umbo. It grows iu a logarithmic 
spiral, as does the shell of a bivalve, and at each 
growth increment new shell material is accreted 
round the growing edge. The valves meet along a 


line of junction or commissure. In conventioni 
orientation the umbones are located at the postt* 
rior end of the brachiopod and, since the hinp 
line is in front of them, the valves gape at the antt- 
rior end. 

Each valve is externally sculptured with faint ribi 
radiating from the umbo. These become strongn 
anteriorly so that the anterior part of the cornmu- 
sure is crenulated where the ribs meet it. Ttr 
growth lines arc subconcentric round the umlm 
and likewise become rather crenulated .interioilf 
where the ribs arc stronger. Each of these growtlt 
lines represents a record of the former position d 
the edge of the shell, and since they arc espccult 
prominent where growth has ceased for a short timt 
the shell retains a pennanent record of its owi 
ontogeny. 

The pedicle valve is the larger of the two andi 
intumed posteriorly so that the most convex panel 
it can be seen from the upper surface. This panel 
the shell is the palintrope. The umbo is pert'oratti 
by a round pedicle foramen through which dif 
pedicle emerges. The latter is a stalk of homy tissut 
cemented at its distal end to rocks or pebbles, andbi 
it the brachiopod is raised above the bottoa 
Uetween the umbo .and the inner edge of the vak 
is a triangular cavity, the delthyrium, closed by| 
pair of deltidial plates. They are marked li) 
straight, parallel growth lines, transverse to the bi» 
chiopod’s plane of symmetry'. 
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Though the coninussures of the two valves fit 
txjctly nearly all the way round the shell, the 
mullet brachial valve has its umbo tucked just into 
ihc pedicle valve anterior to the delthyrium. 
Through this region runs the transverse hinge axis 
(^ranng on internal teeth (pedicle valve) and sock- 
f8(brachial valve). 

KfflERNAL ANATOMY 

In Fig. 7.2 the internal organs are displayed in a sec- 
noii cut through the plane of synunetry. These 
oigam relate to structures made of calcium carbon- 
itr which can be seen in the separated valves. The 
W IS secreted by a cellular epithelium which 
tones calcareous material mainly at the valve 
largin. This epithelium underlies every part of the 
JicU. It is two layers thick in the anterior part of the 
iocliiopod, where the inner layer forms the man- 
lit enclosing a large mantle cavity. Towards the 
(IWfrior end of the shell the mantles of the two 
nlvcs abruptly leave the internal valve surface and 
jgm, forming a single sheet of tissue, the anterior 
kwly wall, which crosses between the valves and 
(Pintes the mantle cavity from the postenor body 
avity. The only organ contained within the 
autle cavity is the lophophorc, which itself is 
•vested with a continuation of the mantle epithe- 
aan. This is the main food-gathering and respira- 
wv mechanism of the brachiopod. In Magellaiiia 
ikc lophophorc has a hydrostatically supported 
&iil-fillcd canal (the brachial canal) .is its axis. 
Ik IS supported by a long, loop-shaped calcareous 
ibon (brachidium) which is symmetrical about 
median plane and attached at two pioints to the 
™Je of the brachial valve at the rear of the mantle 
3nt\'. The brachidium may remain attached to 
i (hell after death when the investing tissue has 
rticd away, but more often it is not preserved, 
km the strong brachidium-supported axis of the 
iphophorc there spring a large number of slender 
nllcl ilanients. These are sticky and lined with 
ill. The beating of these cilia generates the cur- 
BiD that bring in and exhale water. Inhalant 
mtiits come in laterally, and all the filaments are 
BDged so as to provide an effective net for trap- 
tf. food particles; they are strained ofT while the 
tad water is exhaled anteriorly in a single stream. 
Ilf food particles caught are passed down the fila- 
nit 111 a mucus belt to a food groove running 
Mtlie brachial axis and so to the mouth. 


The mouth is situated in the anterior body wall; it 
leads to a small gut with an oesophagus, stomach 
and blind-ended intestine, but no anus. There are 
also digestive glands or divcrticulae associated with 
the gut (cf. Fig. 7.3c). 

Excreta are voided through the mouth into the 
mantle cavity and disposed of by the exhalant cur¬ 
rent. There are no other perforations in the anterior 
body wall other than the paired funnel-shaped 
nephridia (‘kidneys’), wliich remove nitrogenous 
waste taken up by wandering cells (coelomocytes) 
and also act as passages for the escape of gametes 
from the gonads. Sometimes the latter become so 
swollen with eggs or sperm as the breeding season 
approaches that they can expand into the mantle 
canals. These canals are tubular branching exten¬ 
sions of the body cavity (coelom) which run 
between the mande and the inner epithelium. 
Within them coelomic Huid circulates, being used 
mainly for respiration. In dead specimens of 
divested of soft tissue, the scan of these 
canals are clearly seen on the inside of the shell. 

The only other organs found in the body cavity 
are the pedicle .and related structures, and the mus¬ 
cles for opening and closing the shell. The pedicle is 
a cylindrical stalk having a thick external cuticle, 
within which is a thin epithelium and a central core 
of connective tissue. Though the shell is fixed to the 
pedicle, it can be tumed in any direction by two sets 
of adjustor muscles near its base. These allow' the 
upright brachiopod to swing into or away from the 
current. Frequently the pedicle splits into several 
strands for attachment (cf Fig. 7.3e). 

Brachiopods open and close the shell using two 
sets of paired muscles. The adductor muscles 
which close the shell .ire analogous, though not 
homologous, to the adductors of bivalves. They join 
the two valves somewhat obliquely, and their points 
of attachment are both anterior to the hinge axis, so 
that when they contract the shell must close. By 
contrast, the diductor muscles which open the 
shell have a quite different line of action, with 
their bases on opposite sides of the hinge. They 
arc attached to the pedicle valve just outside the 
adductors, but they arc fixed to the brachial valve 
by a calcareous boss, the cardinal process, on the 
posterior side of the hinge axis. If the diductor 
muscles contract while the adductors correspond¬ 
ingly relax, the cardinal proces.s swings downwards, 
■ind as the rest of the shell lies anterior to the hinge 
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Pcdidf (ventral) valve. Palintropc, teeth, pedicle 
fenmen, delthyriiim closed by dcltidial plates, 
adductor and diductor muscle scars, adjustor scars 
and mantle canals. 


Ma^cllania is an example of a brachiopod with a 
non-strophic shell. The hinge axis passes through 
the teeth and sockets, which arc its only flilcra. The 
shell edges adjacent to this are curved and not coinci¬ 
dent with the hinge line. Most living brachiopods 
(e.g. the Terebratulida, Tcrebratellida and Rhyncho- 
nellida) arc of this type. Many groups of Palaeozoic 
brachiopods (e.g. the Orthida and Spiriferida), how¬ 
ever, have strophic shells. In these the hinge line is 
straight, often extends the full width of the shell and is 
coincident with the hinge axis. 

Visbyella 

Visbyella (Order Orthida, Suborder Orthidina) is a 
Silunan brachiopod with a strophic shell (Fig. 7.4). 

It belongs to one of the earliest of all rhynchoncl- 
lifonn brachiopod stocks to have evolved, the 


Tbcdclthyrium, incidentally, is the ancestral site of 
Ac pedicle foramen. In brachiopods that retain the 
mote ‘primitive system’ the dclthyrium is open and 
’Afoui’h this the pedicle emerges. In the early 
.Wogeny of Magelhvtia the pedicle is first located in 
III open dclthyrium, but the foramen gradually 
iDgntev to its adult position as the brachiopod 
pows. and the dclthyrium closes oft" behind it by 
ik growth of the dcltidial plates. The shell and asso¬ 
ciated structures in the Recent 'I'erelmuiilinn, similar 
m many ways to Mu'iiellaniii, though with a shorter 
Jnchidium, are shown in Fig. 7.3. 
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m 74 Visbyella visbyensis (Sil,): (a) complete shell, upper surface; (b) lateral view; (c) internal view of pedicle valve; (d) inter¬ 
view of brachial valve (all x 5). 
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Orthida, first known from the Cambrian. The two 
valves arc dissimilar in size and convexity. The large 
pedicle valve is very deep, the brachial only slightly 
plano-convex, but both have the same .surface 
sculpture of fine nbs or costellae radiating from the 
umbo and curving outsvards laterally to the com¬ 
missure. A pronounced umbo characterizes the 
pedicle valve, anterior to which is the large open 
dclthyriuin without deltidi.il plates. Tliis is flanked 
by a triangular interarea, which fomis a flat, slightly 
sloping shelf whose anterior edge is the straight 
hinge line. The interarea has closely spaced growth 
lines par.illel with the hinge. If the valves are sepa¬ 
rated, the large crcnulate teeth arc visible, situated 
anterior to the hinge line where the dclthynuni 
reaches its greatest width. Joining the teeth to the 
floor of the pedicle valve are the vertical dental 
plates, which enclose a deep umbonal cavity con¬ 
tinuous with the delthyriuni. Flooring this cavity 
and extending sonic way anteriorly arc the recessed 
muscle scars; the diductor scars arc outside those of 
the adductors and the whole muscle field is 
heart-shaped. The adjustor scars are not recessed and 
arc barely visible. 

In the brachial valve there is an intcrarea, 
though it is narrower than that of the dorsal valve. 
Between them there is a small triangular opening, 
the notothyrium, which lies directly opposite 
the delthynum so that the pedicle opening is 
diamond-shaped and is formed by the delthyriuni 
and notothynum together. A bilobed or trilobcd 
cardinal process projects posteriorly and almost 
fills the notothyrium when the valves are closed. 
The adductor scars are very large. Supports for the 
lophophorc are represented only by a pair of diver¬ 
gent brachiophore bases, which arc simply a pair 
of oval knobs into whicli the sockets are recessed; 
nothing else is known about the lophophorc. In 
both valves there arc niande canals of distinctive 
form. The costellae arc more pronounced towards 
the commissure so that they interlock along a 
crenulatcd edge. 

Eoplectodonta 

Eopli'ctodoiita (t)rdcr Strophomenida, Suborder 
Strophomcnidina; Figs 7.5, 7.6) is a Silurian genus 
in which, as in many brachiopods of this order, the 
two valves are concavo-convex. 

They fit inside one another, the brachial valve 
having a concave exterior, the pedicle valve being 


deeper and convex e.xtcmally. The shell is strophii. ! 
and the hinge extends the full width of the seniicu- ' 
cular shell, being bordered by very narrow intern-. 
eas. There is a large cardinal process which blocb 
the pedicle opening when the valves arc closfi i 
Externally the valves h.ave a sculpture of very thm j 
ribs, with somewhat more pronounced single nb 
spaced at intervals and dividing the shell into radu: 
segments. There are no teeth. These have beenitwj 
in the evolutionaty’ history of strophomcnides bul; 
their function has been taken over by many srraE i 
denticles which mn along the hinge line, those d 
the two valves interlocking. The ventral inusclf 
field has a bilobed diductor scar within which tbt 
smaller adductor scars arc located. In the brachil • 
valve there is a large V-shaped cardinal proc® 
which projects posteriorly carrying the point oi 
attachment of the diductor muscles well to the teat 
of the hinge. This is necessary' in view of the vety 
narrow body space inside the shell and the restnnti 
line of action of the muscles. A senes of verticil 
plates supported on a raised platfonn (beina) haup 
down from the roof of the brachial valve, ahuM 
touching the floor of the pedicle valve when tk 
shell is closed (Fig. 7.5b,d.e). Presumably this stnu- 
cure was in some way connected with tk 
lophophorc which may have adhered to it. Latca' 
to this lie the adductor scars. An interesting fcatu-v 
of the inside of the shell are the numerous small pro¬ 
jections (taleolae) which are calcite rods obliqueh 
set in the shell and radially arranged parallel with thi ^ 
costellae. These are rod-like units lodged within thi j| 
shell itself and projecting internally, and they itr 
found only in the Strophomenida. 

The delthyriuni and notothyrium arc largd 
blocked by the large cardinal process, and the snii 
supra-apical foramen is often scaled. If there wis 
pedicle for this strange, thin shell, it cannot havehii 
a supporting function and the apparent absence.' 
adjustor muscle scars suggest that it was abscni 
Individuals must therefore have lain flat upon iK 
sea floor (ambitopic habit), as is generally conimir 
in strophomcnides, which lost their pedicles diina 
ontogeny. 


Preservation, study and classification of 
articulated brachiopods 

The brachiopod species described above, one livmt 
and two fossil, belong to successfiil and iiiiporor 
groups and give .some indication of the vane 
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illensii (Sil.): (a) complete shell upper surface; (b) internal view of brachial valve; (c) posterior view 
lion section, showing disposition of vertical plates; (e) internal view of pedicle valve (all x 6) 


of form and function in Subphylum Khynchoncl- 
lilonnca. Yet thi y by no means show the hill stnic- 
Biral range, eve i though most brachiopods do not 
depart too rad cally from the kind of morphology 
ihown in these. Nevertheless, there are some pecu¬ 
liar genera amongst the Brachiopoda, especially 
tome Pemuan Productida which arc so modified, at 
least externally, that they arc 


hardly recognizable as 

Ijitachiopods. 

The majonty of brachiopods can be assigned to 
ihcir correct order and usually referred to their fam- 
jdyon the basis of external morphology alone, but 
Iflther features — the lophophorc, muscle scars, 
liingc. dentition, cardinal processes, etc. — m.iy have 
to be used in identifying a brachiopod at genus and 
ktcacs levels. Unfortunately the brachidium is 
Ifound only in some of the many fossil groups. 
Amongst Palaeozoic orders the brachidium is 


Figure 7.6 Eopledodonta penkillensis (Sil.) from the Penlland 
Hills near Edinburgh: on internal mould showing the pedicle 
valve with mantle canals (x 8). 
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present only in the Spinfenda. Atrypida, Athynda still retains its shell, the internal structures niay Ik 

and Terebratulida. and possibly some Pentamerida studied alter removal ot the shell by acid or by cal- 

(Fig 7 7) fining, i.e. by buniing oft the outer shell so th.ii the 

In these the brachidium may be preserved by mould in matrix is visible, 
mineral incrustation, if the shell is not infilled, or Many Palaeozoic brachiopods and some more 
brined in matrix where it is. In the latter case the recent ones may be preserved in siltstone or 
structure can be revealed by dissection or sectioning, stone tfom winch all the calcareous material, includ- 

Many rhynchonellifonn bracluopods are pre- ing the sheU, has been leached away by aadit 

served with their shell material intact. Since the shell groundwater. The resultant internal moulds ofra 
is calcitic it is not subject to the potenti.il diagenetic appear very dilTerent from moulds ot the exte^ 
transfonnation of an aragonitic sheU. The external surface. Hence in the Eopkaodouin specimens illuy 
morphology of such shells is often very well pre- trated in Fig. 7.6 the umbonal cavity ot the pedidv 
served and. provided that they can be freed cleanly valve seems very pronounced, the mantle cad 
from the matrix, may readily be exaimncd. Since it grooves arc represented by ndges and the muscle 
is very often the internal morphology that is really fields are in negative relict. In the brachial valve ol 
diagnostic, isolated valves are of particular value. If Visbyclla (Fig. 7.4d) deep indentations would repn- 
separated valves do not occur m the tauna, it may be sent the brachiophore bases and the cardinal procea 
necessary to undertake serial grinding in order to Much of the relief represents, ot course, vanationj 
reveal internal structure. A parallel grinding in thickness ot the shell. The mtemal structurci, 
machine that can grind to fixed distances is used for such as the muscle scars, arc often strikingly well 
this but each successive ground tace must be pho- preserved and can be studied with minimal prepan- 
tog^aphed or drawn before regriiiding. Though this tion. It is in fact very often easier to work with and 
is tune consuming, such serial sections are often the identify brachiopods trom internal and extenul 
only source of infonnation on mtcnial morphology, moulds than to use specimens with the calcitk shell 
A complete internal reconstruction can be prepared preserved. 

from them by building a wax model or, more Furthennore. latex replication allows 'positivd 
rapidly, by computer rnodeUing. to be taken which show all the features ot shell im..- 

If the brachiopod is preserx-ed in a silty matrix but phology just as they were m life. 1 lere a thin film ol 



Figure 7.7 Spiral brochidia - their form and function: (a) Ahypa reticularis, interior of brochiol valve from below fr l-25)iW 
same, vertical s^ion showing spiral brochidia with unfiltered and filtered water; (c) Sp.frfer striata, sihcihed sp^'^en with sh^p# 
tially removed, showing spiral brochidia (x 1 ), (d) same, vertical section showing laterally directed spires with hitering system lit. 
reverse of that in Atrypa. [(a), (c| After Davidson, 1851; (b), (d) after Rudwick, 1970.) 
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figure 7.8 Brochiopod growth and form: (a) Kirkidium knightii (Sil.|, lateral view (x 0.5); (b) same, with external shell removed to 
■rose spondylium and cruralium; (c) same, in section, with body cavity enclosed by spondylium and cruralium; (d) Cyrtia exporreda 
(Si I in frontal view and (e) C. exporrecta (Sil.) in lateral view, showing greatly expanded pedicle valve interarea (x 1.25); (f) 
Cmposila (Carb.) an athyrid resembling a terebratulide but with spiral brachidium; (g) radial and concentric growth elements of a 
Udimorginote shell, showing radial vectors, concentric zones, median plane of symmetry, commissure plane and hinge axis; (h) 
jiwlli vectors operoting at any point on the edge of o shell. ((f)-(h) Modified from Rudwicx, 1959.] 
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rubber solution is poured on to a slid) surface and 
iDowcd to dry; tficn a latex bloclc is built up on top 
of this from successive thicker layers, and when fully 
dr\’ may be stripped off. It is like producing a photo¬ 
graphic print from a neg-ative, and the result is nor¬ 
mally just as clarifying. 

Major features of brochiopod morphology 
Form of shells 

iBnchiopud shells, as noted before, grow by accret¬ 
ing new material from the mantle at the valve edges. 
The ultimate fonn of any developing brachiopod 
shell is a product of the relative growth rates of the 
different parts of the valve edges (Rudwick, 1959). 
At any point of the valve margin, growtli may be 


resolved into radial, anterior, lateral and vertical 
components. If all of these keep pace throughout 
development the result will be a rectimarginatc 
shell, i.e. one with a planar commissure (Fig. 7.8f,g). 

On the other hand, if the vertical component 
grows more rapidly than the others there will be a 
localized growth anomaly, resulting in a vertical 
deflection of the commissure. Whether the deflec¬ 
tions are median, paired or serially arranged (Fig. 
7.8h) depends on their locality, whereas their ampli¬ 
tude and whether they are sharp or gradual is a 
product of the rapidity of change of relative growth. 

Relatively few shell shapes have actually been 
adopted by brachiopods, presumably for good func¬ 
tional reasons. Biconvex brachiopod shell shapes fall 
within a fairly narrow actual range, out of a much 
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broader range ot possible shapes. Many theoretical 
shell shapes that might have been used were never, 
in fact, adopted, and the shell types that can be 
observed in nature seem to represent an optimiza¬ 
tion of areal and volume constraints (McGhee, 
IMSO). Furthennore, many of the shell shapes that 
are found in nature, even if they depart markedly 
from the biconvex norm, tend to appear over and 
over again in unrelated stocks through time. In 
such homeomorphy, the result of convergent 
evolution, the descendants of a defined stock come 
to have shell shapes (or indeed other characters) 
closely reminiscent of those of other and separate 
groups. 

Conipositn (("irder Athyridida; Figs 7.Sf, 7.16) is in 
external appearance strikingly like many terebrat- 
ulides of the same and ditlerent ages. Uoth are 
non-strophic, though the m,ijority of spiriferides are 
strophic. The only real external difference is in the 
sts'le of perf oration of the umbo, though the intenial 
morphology is radically dissimilar of course. This is 
but one example of a ubiquitous phenomenon. 
There are isochronous and hetcrochronous 
homcomorphs (i.e. present at the same time or at 
different times, respectively), and they may occur 
cither within the same taxon or in different ta.xa. 

Some brachiopods. such as the rhyiichonellides 
and spiriferides, have pronounced serial zigzag 
deflections all along the .interior part of the commis¬ 
sure. with a concave cci tral sulcus on the brachial 
valve fitting into a pron unced fold in the pedicle 
valve. Such structures probably resulted from differ¬ 
entiation of growth rates at localized sites, not only 
in the vertical components but in the radial ones 
too. These sharp and serially arranged zigzags gave a 
relatively much greater effective length of commis¬ 
sure over which food particles could be taken in, for 
no c.xtra gape. When the shell gaped slightly, small 
particles could be drawn in while large and harmful 
sand grains were excluded. Only at the sharp angle 
of the zigzag could larger particles enter, and these 
angles are nonnally protected by setae (which also 
act as early wanitng sensors) or occasionally by 
spines. The fold .ind sulcus system of rhynchonel- 
lides seems to be instrumental in separating lateral 
inhalant currents from a median exhalant stream. 
Spiriferides also have a median fold and sulcus, but 
thev are relatively smaller and rarely ornamented by 
zigzags and probably mark the exlialant system. 

The costellae or ribs may sometimes be pro¬ 


longed into hollow or solid spines. One function ot 
such spines appears to have been for anchorage. Tht 
large l^oduchis has many spines on the base of the 
pedicle valve which seem to have had this functiou. 
and the thin-shelled strophomenide Choricies, which 
has spines along the hinge margin, could conceiv¬ 
ably have used them for fixing itself upnght on the 
sea floor with the spines held vertically, but in the 
rhynchoncllidc Aiaiuliothiris the spines of the pedicle 
and brachial valves when first formed at the edge of 
the mantle were hollow and have been interpreted 
as sensory tubes for extending the sensitive tip of the 
mantle well away from the body: another kind of 
early warning sensor (Rudwick, bibSh). These 
spines, initially hollow, became filled up with calcitc 
as the mantle edges migrated away and eventualh 
took up an anchoring function. External ornamen¬ 
tation in some silicified brachiopods is shown in 
Fig. 7.9. 

Microstructure of shells (Fig. 7. W) 

In all rhynchonelliform brachiopods the shell n 
multilayered, and the vanous layers can usually lx 
distinguished in fossil brachiopods as well as in living 
ones. Shell structure and development has been 
extensively studied in the Recent rhynchoncilid: 
Notosaria (Fig. 7.10a), which serves as i 

standard model (Williams, 1968). There are thre 
shell layers: an outer non-calcareous periostracum 
a middle calcareous primary layer and an innn 
secondary layer of calcareous and inorganic maic^ 
rial. 

Within the periostracum there are three mam 
proteinaceous layers which underlie an outer gelati¬ 
nous sheath. This sheath protects the growing edge 
of the shell and is the first element to be foniied, but 
being gelatinous it is soon rubbed off and does not 
extend far beyond the edge of the shell. 

The pnmary shell layer beneath the periostraciira 
is of rather structureless crystalline calcite, whereat 
the very' distinctive secondary layer consists of clou- 
gated calcific rods (fibres) with rounded eiiflv 
inclined at about 10° to the shell surface and liavint 
a regular system of stacking and a charaetensof 
trapezoidal cross-section. Although the primair 
layer is of constant thickness, the secondary layer 
keeps on growing throughout the life ot tlie bn- 
chiopod and so is thickest nearest the umbones, 

A section through the growing edge of the shcH 
shows how these several layers are secreted. Tht 
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Silicified brachiopods frc n the Visean (L. Carfa.) of County Fermanagh, Ireland, showing details of surface sculpture and 
**P™togy- (a)/ (b) an adult shell of the spiriferacean Tylothyris laminosus (McCoy) viewed posteriorly (showing high ventral inter- 
Dfeo wlh delthyrium almost completely covered by deltidium) and dorsally (x 1.5); (c) Cleolhvridina Hmbriata (Philhps), an alhyrid 
pirebwrer, showing Mrt of the spire and having typical spinose lamellae externally (x 2); (d) Productidina margaritacea (Phillips), 
0 jwenile specimen of a productoid, showing the p^icle valve posteriorly (x 7); (e) Dasyalosia panicula (Brunfon), an adult shell 
lowing tyro-directionol spines on the pedicle valve (x 1), (f) Overfonia fimbriata ( J. de C. Sowerby), a young pedicle valve with 
dwracteristic interdigitating ridged and spine pattern (x 2); (g) Dasyalosia panicula (Brunton), an aclult shell with a well-developed 
interareo (Photographs reproduced by courtesy of Dr Howard Brunton.) 


mantle, whicli secretes tlie sliell, is infolded into a 
froove under the shell edge; here there is a genera¬ 
tive zone from which all the shell-secreting cells 
iif produced. As each new cell is formed it moves 
towards the edge of the shell, producing the various 
bjm in turn from its outer surface. First the cell 
Kcretes the gelatinous sheath, then the three layers 
of the periostracum in turn. Thus, by the time the 
cell has reached the outer edge of the shell, it has 
already produced four different kinds of material in 
inccession. It then begins to grow calcite rhombs 


from Its upper surface, embedded in a protein 
cement; these then grow together and amalgamate 
as the crystalline primary layer. The cell then swivels 
round an axis of rotation, so that its distal surface 
now faces outwards, and becomes permanently 
fixed in its final place as the growing edge of the 
shell moves away from it, all the while accreting 
new material in conveyor belt fashion. When the 
secretion of primary cell material is complete, the 
secretory function of the cell changes for the sixth 
and last time and it produces a single long calcitic 
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Figure 7.10 Shell structure in brachiopods: (a) standard secretory regime in Notosor/o nigricans (for explanation seelext|:l> 
impunctate shell (e.g. rhynchonellide); (c) endopunctate shell (e g. terebratulide) with caecae possessing core cells freely suspwddi' 
the cavity - the secondary shell fibres are shown as cut in section; (d) pseudopunctate shell (e.g. strophomenide) with no primovla)i 
but with taleolae prolonged internally as endospines; (e) shell of Lingula, with primary shell constructed of alternating loyenolpfB' 
photic and organic material — a marginal seta is shown. (Mainly based on illustrations by Williams and Rowell in Treotitt 
Invertebrate Paleontology, Part H.) 


fibre, one of many identical elements in the sec¬ 
ondary layer. In this layer the regular pattern of the 
many long inclined fibres naturally reflects the 
ordered arrangement of the individual cells that pro¬ 
duce them. Since new material is continually added 
to the lower end of the fibre by the surface of each 
cell, it is not surprising to find that the secondary 
layer is thickest at the umbones. which are the old¬ 
est part of the shell. 


The modem terebratulide LValtonia produo 
shell according to the same ‘standard seen 
regime’ as Notosaria, but the periostracum is nm 
thicker and of a more complex labyriiirf 
stnicture. 

Most rhynchonellifomi brachiopods, living i 
fossil, probably secreted their shells in much i 
same way as Notosaria. Differences in shell: 
of some groups, however, indicate that the seen 
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1 pr 0 (;ramme must liave been modified. In the 
'nlvanced' Strophomenida (Fig. 7.1tJd) the shell 
below the periostraeum is only a single layer of lain- 
iiurcalcite traversed by iiitlmed calcitic rods (talco- 
lac). but in the ancestral struphoinenide group, 
Supertainily Plectambomtacea (Suborder Stropho- 

I meiiidina), to which Eoplcclodoithi belongs, there is a 
Kcondarv layer of inclined calcitic fibres like that of 
Soimna. 

Recent Terebratulida and Thccidcidina have an 
tadoskeleton of calcareous spicules, secreted within 
the living tissue and assisting m its support. Such 
ipicules are found in some Cretaceous terebrat- 
ulides. 

Endopunctolion and pseudopunctolion in shells 
In rli)Tichoncllifomi brachiopods such as !\Iolosari(i 
the shell is impunctate, i.e. has no perforations or 
nvities within the shell structure (Fig. 7.10b). tether 
kinds of rhynchonelliformcs (c.g. tercbratulidcs) 
have endopunctate shells (Fig. 7.10c) in which the 
ihcll stnicture is penetrated from the inside by large, 
rcgiilarly arranged, elongated cavities known as 
|wnetae. nonnal to the shell surface. These contain 
lubul.ir outgrowths of the mantle, the caecae. 
Cjccae arc fomied at the edge of the shell during 
die standard secretory regime by small knots of cells 
which behave independently of the rest of the man- 
llc. As the growing edge of the shell moves away the 
oecac are pennanently locked in position but, since 
uch caecum retains its contact with the mantle 
throughout the deposition of the primary and sec¬ 
ondary l.iyers, the lower end may become very long. 

The caecum nearly reaches the outer shell surface 
»nd is connected to it by a ‘periostracal brush’ of 
liny tubes filled with mucopolysaccharide, lielow 
ihe bnish are core cells filled with glycogen and 
proteins; these hang down freely into an empty cav- 
it\' below, so that the only connection of the cae¬ 
cum with the mantle is by the flattened peripheral 
cdls that line the wall of the punctae. Caecae are 
primarily storage chambers; they are also respiratory, 
md they inhibit boring organisms. In addition, the 
ptnostracal brush can release an organic ‘glue’ (for 
the repair of injury) if the periostraeum is acciden¬ 
tally mptured. 

Since microborings in the shells of Recent bra- 
chiopods clearly avoid punctae (Curry, 1983a), the 
I luggestion that caecal contents inhibit boring organ- 
sms would appear to be substantiated. 


Impunctate and endopunctate shells in rhyn- 
chonelliforni brachiopods seem to cut across estab¬ 
lished systematic boundaries, and it is probable that 
endopiunctation evolved more than once. Thus 
most orthides are impunctate, apart from one super¬ 
family, the Enteletacea. All atrypides and pen- 
tamerides are impunctate. Most spiriferides and 
rhynchonellides are also impunctate, hut there is 
one mainly punctate spirifende supeif'aniily, the 
Spiriferinacea, and one punctate rhynchonellide 
superfamily of three genera, the Rhynchoporacea. 
All terebratulides are punctate. 

In the shells of most Strophonienata (Fig. 7.H)d) 
the thin and often irregularly formed taleolae give a 
spurious impression of punctation, especially to 
weathered specimens. Hence the term pseudo- 
punctate is used to distinguish them, perhaps 
unfortunately, for in other respects their micro- 
structure is clear enough. 

Hinge and articulation 

Srrophic and noii-strophic shells are distinguished 
by their hinge structure. There are no apparent 
intermediates between them; indeed it would he 
hard to imagine a brachiopod of intennediate kind. 
The various stnictures associated with the hinge 
region are dealt with in turn. 

PEDICLE OPENING 

The delthyrium and notothyrium are more closely 
seen on strophic shells since the hinge is straight. 
Primitively, as in orthides, enteletides and pen- 
tamerides, they together form a diamond-shaped 
opening for the emergence of the pedicle. 
However, this is not their sole function, for in bra- 
chiopods with high interareas they also .allow a space 
for the diductor muscles when these are contracting. 
Since the diductor muscles are attached to the cardi- 
n,al process, their line of action is brought close to 
the hinge, and if there were no opening the muscles 
would catch on the hinge line and fray. 

Where there is no pedicle the delthyrium and 
notothyrium may be protected by various kinds of 
plates. In the pedicle valve there may be a single 
plate (the deltidium; Fig. 7.1 Ij) or. .as in Ma^cllaiiia, 
a pair of plates (dcltidial plates), united by a 
median suture and arched so that they do not inter¬ 
fere with the line of action of the muscles. 

The notothyrium m.iy likewise be plated by a pair 
of chilidial plates or by a single chilidiuni. Rarely 
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Figure 7. JI (oHd) Inclirvation of interareas: (a) brachial valve hypercline, pedicle valve onacline; (b) brachial valve anacline, p«ir 
cle valve opsocline; (c| brachial valve apsocline, pedicle valve apsocline; (d) brachial valve apsacline, pedicle valve procline; (bHIiI 
cardinal processes: |e) Strophomena; (f) Pustula; (g) Hesperorthis; (h) Leptellina; (j) pedicle foramen with closing structures; (it) trion- 
gulor stegidiol plates closing delthyrium. (Redrown from Williams and Rowell in Treatise on Invertebrate Paleontology, Port H.) 


in spirif'cridcs there may be a stegidium (Fig. 
7.1 Ik). This special type of delthyrial covering is a 
series of concentric triangular accretions formed 
during growth which successively close the delthyr¬ 
ial cavity from the outside in. 

Certiun strophomenides have only a very tiny 
hole in the umbo for the emergence of the pedicle. 
Likewise in the spiriferide Cyrtia (Fig. 7.8d,e), 
which has a much expanded pedicle valve interarea, 
the pedicle opening resides in the centre of the 
interarea. Any pedicle emerging from such an open¬ 
ing could not have enabled the brachiopod to be 
held upright on the sea floor, but could certainly 
have acted as a tether to hold it so that the shell was 
not swept away by currents. 

Non-strophic shells such as the large Silurian 
KirkiiUuiii (Fig. 7.8a-c) have a large, long pedicle 
valve with a strongly curved umbo but an open 
delthyrium some distance anterior to the umbo. In 
juvenile shells of Ma^rllatiia and other terebranilides 
the pedicle opening is located in a nomial 
delthyrium. As the shell grows this opening migrates 
posteriorly towards the umbo by resorption of the 
shell. Meanwhile deltidial plates fonn anteriorly and 


eventually join in the midline, closing off the pedi* 
cle opening entirely from the delthyrium; this cm 
then be distinguished as a pedicle foramen. 

INTERAREAS 

Interareas proper are found only in strophic shells, 
Their attitude relative to the hinge line is very 
important in taxonomy, and the nomenclature of 
some of the various attitudes is illustrated in Fig. 
7.11a—d. Of these apsacline and anacline, respec¬ 
tively, are the most common. Some shells have the 
interareas of the pedicle valve attenuated into a pro¬ 
nounced beak-like rostruin, which in Uncites i.< 
curiously twisted to one side. 

CARDINALIA 

The structures at the posterior end of the bnchial 
valve, collectively known as cardinalia, arc highly 
ditferentiated and serve various flinctions. Of these 
the medially placed cardin.al process is often the 
most prominent (Fig. 7.1 le—h). In its simplest fonn, 
as found in the more primitive rhynchonclliformes, 
it is no more than a pair of undifTcrentiated muscle 
bases behind the notothyrium (Fig. 7.11h). A more 
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tliboratc kind of structure is a median ridge; this 
pnmitivdy separated the two areas of inusclc attach- 
mnu, but in more advanced fomis it actually 
bteame the site of diductor attachment through the 
inward migration of the muscle bases (Fig. 7.1 Ig). 

A further development of this kind of stnicture 
led to a shaft with a head (myophore; Fig. 7.1 If), 
which increases the area of muscle attachment and 
may be variously crenulated, forked, multilobate or 
coiiib-like. 

Other cardiitalia include socket walls and bra- 
diiophores, expanded knobs which may have been 
involved in support of the lophophore. 

TEETH, SOCKETS AND ACCESSORY STRUOURES 
Teeth are always found in the pedicle valve, sockets 
mtlie brachial. This system apparently evolved only 
once and then remained relatively stable. The teeth 
cuiisi.si of knobs of secondary calcite with snieioth or 
crenulated surfaces. In main' brachiopods they may 
be supported by a pair of vertical dental plates which 
join them to the floor of the pedicle valve. 

The teeth may be supplemented or even replaced 
(e.g. Uopkctodonla) in many strophomenides by deii- 
dcles which grow along the margins of the hinge 
hue. Members of Order Prodiictida generally have 
neither teeth nor denticles. 

Sockets, fonning part of the cardinalia. often have 
[ hrge and thick interior walls, frequently as large as 
the teeth themselves. In such cases the interior 
iocket wall may even indent a secondary socket 
close to the tooth on the pedicle valve. Socket walls 
can be swollen and, as in I'ishyvILi, closely associated 
with the brachiophores marking the lophophore 
bases (Fig. 7.4d). 

Teeth and sockets arc constructed of secondary 
ihcll. As the shell grows, the teeth move away from 
the hinge line, taking up successive though closely 
ipaccd positions and leaving a ‘track’, which is the 
cumulative effect of the piosition that these strvie- 
tures had throughout ontogciiy. 

Muscle attachments 

Adductor, diductor and adjustor muscles are nor- 
Dially attached directly to the insides of the two 
valves, forming scar patterns which arc genus or 
tpceies specific. 

Sometimes, however, all the muscles may be 
raised off the floor by muscle platforms, such as 
those clearly displayed in the pentameraceans (Fig. 


7.8a-c). Ill these the pedicle valve has a vertical wall 
divided in two distally so that it appears Y-shaped in 
cross-section. This structure, the spondylium, lies 
directly opposite a cruralium: a pair of near-verti¬ 
cal plates which arc outgrowths of the brachial 
processes, hanging down from the roof of the 
pedicle valve. Together these stnieturcs enclose a 
nan-ow vertical cavity, open anteriorly about a third 
of the way from the umbo, in which the muscles 
and prob.ibly all the other organs of the body cavity 
wcrc'cnclosed as well. 

Muscle platfonns such as these are not uncom¬ 
mon in rbynchoncllifonn brachiopods, and also in 
eraniiformcs such as Trimm'Ha (Fig. 7.14g). and 
seem to have ansen several times dunng evolution. 
Tkudwick (1970) has noted that it is not necessary to 
have a contractile nuiselc running the frill height of 
the shell in order to open and close it; a shorter 
muscle could do the job more economically and 
with greater control. Muscle platforms tend to occur 
in those shells which arc highly biconvex; they 
allow for the attachment of a short but optimally 
eSective muscle system. Not all strongly biconvex 
shells have this system; the surviving rhynehonel- 
lides .and terehratulides have part of the muscle 
strand replaced by a non-contractilc tendon, which 
is another way of operating with equal efficiency. 

Lophophore (Fig. 7.12) 

The brachiopod lophophore, whose structure in 
iX'IayclLuiiii has been described, is functionally similar 
in all brachiopods. 

In the brachiopods, though the filainentous struc¬ 
ture of the lophophore is constant, there are several 
distinct ways in wliich the lophophore itself is 
arranged witlmi the mantle cavity. Furthermore, 
though some bracliiopods have a calcareous support 
for the lophophore (spinferides, atrypidcs and tere- 
brattihdes), others do not, and in the orthidcs, as in 
most strophomenides, pentamcrides, and fossil lin- 
gulifonnes and eraniiformcs, it is hard to tell what 
the original lophophore structure must have been. 
Living rhynchonelhdcs likewise have no calcified 
lophophore support, and in these, as in living 
hnguhfonnes and cramifbnnes, the lophophore is 
held up purely by the hydrostatic pressure of Huid 
in the great brachial canal (which early in life 
becomes closed off from the coelom). In many 
Strophomenata there arc traces of possible 
lophophore structures impressed upon the inside of 
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Figure 7.12 Brochiopod lophophores; (a) sectional view of lophophore witfi fluid-filled great brachial canal, food groove and file 
ments - arrows show the direction of movement of food particles; (b) arrangement of filaments in section; (c) the main Ivpes a 
lophophores showing various developmental pathways; (d) Terebrahila plectolophe, showing mode of growth from a terminal mmr 
ative zone; (e) Rbynchonella spirolophe, same; (f) Amphigenia (Dev,), primitive loop structure of early terebratulide (CenlronellidiMl, 
(g) Gryphus (Rec.) short loop of Terebrotulidina, ((a)-^c) Redrawn from Rudwick, 1970; (d), (e) redrawn from Williams and Wr#, 

1961; (f), (g) redrawn from Treatise on Invertebrate Paleontology, Port H.| 

the bracliial valve, while the arrangement of the vcr- Changes in the form ot tlic bracliidium during 
tieal plates in Hoplcctodciita and related genera sug- ontogeny provide a basts for the classification of 
gests the form that the kaphophore must have had; lophophores into different types (Fig. 7.12c). All 
other possible lophophore structures give little lophophores pass through the same early stages m 
infomiation on the original fonri. development. The first stage, whether supported nt 

The lophophore support is represented in not. is a trocholophe. Here the lophophore « 
rhynchonelhdes and some pcntameridcs only by a merely a pair of curving ‘horns’ projecting honzon- 
pair of short struts (crura) projecting from the car- tally on cither side ot the mouth and fornung in 
dmalia. In groups where the brachidium is a calcare- incomplete ring. Only one genus of micromorphif 
ous ribbon (terebratulides, atrypides and spiriferides), adult brachiopods has this kind of structure and. 
it always grows (or grew) by accretion on the (ante- since the trocholophe forms the initial developmen- 
rior) growing edge and by resorption on the (poste- tal stage of all brachiopods, this particular case n 
rior) trailing edge as the shell enlarges. Invariably probably a neotenous development. The next slap 
new filaments arc added at the growing ends of the in development is the schizolophe, where the two 
lophophore alone, never intercalated within the original horns have become larger but arc bent back 
filament senes. and run parallel, directed towards the mouth. All 
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brachiopod lophophorcs go through this stage too; a 
tew micromorphic tcrcbratulidcs have schizolophcs 
in the adult. From licre there arc three possible 
developmental pathways; 

one starting with a zygolophe, which leads to a 
plcrtolophe: the long or short loop of many tcr- 
ebratulides; 

one leading to the multilobed ptycholophe, as 
found in the modern LMCcizcUa, a thccidean, and 
in some fossil productides; 

one leading to the twin spiral system of the 
ipirolophc, perhaps the commonest and most 
widespread functional system, possessed by Recent 
ihynchonellides and lingulidcs, as well as by fossil 
spirifendes athyrides and atrypides and possibly 
other fossil groups. 

In both the plcctolophe of terebratulides and the 
spirolophe of many groups the twin ribbons may be 
joined by a stout rod. the jiiguni, near the posterior 
end. 

The mode of operation of spirolophes is well 
known in some modern rhynchonellidc bra- 
chiopods, and some inferences can be made about 
how It functioned m fossils. As in all brachiopods, 
the ciliated filaments borne on the bracliia create 
rurrcnts which normally enter the shell laterally 
(fig. 7.7). When the water passes into the shell, it 
hmofall lies outside the lophophore in an inhalant 
chamber. It then has to pass through the cilia from 
the outside to the space enclosed within the spires, 
i.c. into an exhalant chamber. As it does so, food 
pBticlos are strained off. Urachiopod feeding cur- 
wnts arc very precisely controlled. Inhalant and 
(xhalant currents remain intact and there is neither 
nrang nor eddying once the currents have entered 
the shell. The WMter from the exhalant chamber 
tomes out medially, and the marked deflections of 
ibe anterior margin of the rhynchonellides appear to 
(cparate inhalant from e.xhalant currents. 

Sfllosariii is a Recent rhynchonellidc whose tsvin 
tonical spires point downwards. These spires fonn 
te uihalant chamber and contain unfiltered water 
which it passes through the filaments to an exhalant 
chamber outside the spires. In Order Atrypida (Fig. 
7,7a,b) the morphology of the lophophore is strik- 
Bglv similar, with the sole difference that the spires 
pm upwards rather than downwards, and there is a 


calcified brachidiiim. It seems reasonable to assume 
that current systems frmetioned in a similar manner 
and that the imfiltcred water lay inside the spires 
while the exhalant chamber was outside them. In 
Spihfcr, however, the spires point laterally (Fig. 
7.7c,d), .and water must have fdtered from the out¬ 
side to the inside of the spires. 

Plectolophes, as developed m modem terebrat- 
ulidcs, arc highly efficient structures of complex 
three-dimensional fonn. Each ami develops as a 
curving horn (the trocholophe stage), then recurves 
sharply .as a bar running parallel with the original 
ami and lying above it (the zygolophe stage). In the 
fully developed plcctolophe this bar turns inwards to 
tenninate in a vertical spiral coil. The two spiral 
median coils developed from the paired amis lie side 
by side and with their filaments occupy much of the 
space in the centre of the shell; between them is 
inhalant water. 

Members of Superfainily Terebratellacca 
(Suborder Tcrebratellidina) have plectolophes sup¬ 
ported along most of their length by a long calcare¬ 
ous loop in which the two ends have joined up, 
though the median coil is supported by hydrostatic 
pressure alone. However, in terebratulaceans only 
the basal parts arc supported by a much shorter loop; 
the rest remains erect through hydrostatic pressure, 
though some additional support is given by the cal¬ 
careous spicules within the lophophore itself 

Ptycholophes arc generally rather flat structures 
and do not form the complex three-dimensional 
coils found in the other two lophophore types. 
Fresumably they arc less efficient filtering systems. 
They arc uncommon today, occurring only in 
Family Mcgathyrididae (Superfamily Terebratel- 
lacea) and thecideaiis, but they may have been the 
nonnal lophophore type in strophomenids, as is wit¬ 
nessed by the brachial ridge system ot' Eoplcctiuioiila. 
Most fortunately, intact calcified ptycholophes have 
been found (Grant, 1972) in the small I’cnnian pro- 
ductaccan FaUifer (Fig. 7.17a—c). 


Subphylum Linguliformea 

This subphylum of organophosphatic-shelled bra¬ 
chiopods is considered to be more closely related to 
bryozoans and phoronids than to other brachiopods. 
The best-known representative is Liniiula. 
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Lingula 

Un^iula (Order Lingulida) is a phospliatic-shellcd 
iiiarticiilatc bracliiopod which has persisted since the 
Cambrian with relatively little change: a type exam¬ 
ple of bradytelic evolution. Modern lives 

successfully in a brackish to intertidal environment, 
normally in fine sand (Craig, 1051). The early inv.i- 
sion of Lingula into such a ‘ditFicult’ environment 
for which there were few competitors is probably 
one of the primaiy reasons tor its virtual evolution- 
aiy^ stasis. Nevertheless, there is reason to believe 
that some fossil Ijiigida species lived in environ¬ 
ments other than the intertidal, including shelt and 
basinal regions (Cherns, 1070), so the use ot Lingnia 
as an cimronmciital indicator is Limited. Some dit- 
ferenccs in /j)i^>///<i-bearing ‘palaeocommunitics’ 
through time have been documented by West 
(1076). 

.Modern Lingula (Fig. 7.14a-c) has a pair of almost 
identical, bilaterally symmetncal valves. T hey arc 
gently convex, and from between them projects an 
elongated pedicle. The annual lives in a vertical 
position in a burrow, ancH its pedicle extends deep 
into the sand, with the upper edges of the two 
valves just at the level of the surface. In life the distal 
part of the pedicle has little roots which anchor the 
animal firmly, and if Lingula is disturbed the pedicle 
instantly contracts, withdrawing the shell deep 
within the burrow, liy analogy with other bra- 
chiopods, the pedicle end is described as posterior; 
the slightly larger valve is called the pedicle valve 
and the smaller the brachial valve. Homy setae 
round the exposed edges ot the shell mark otl three 
apertures leading to the inside, the outer two for 
incurreiit water, the central tor excurrent water. 

The shell is lined by a mantle, and the anterior 
body wall, the lophophore and other internal organs 
are as in the rhynclionellifonnes. The lophophore is 
a spirolophe with the two spires directed inwards, 
each being an ‘inhalant spire’ carrying unfiltered 
water which is strained and exhaled medially. The 
gut, however, has an anus discharging posteriorly, 
and there arc four nephndia. The circulatory system 
is simple, and there is a nervous s^'steni with a gan¬ 
glion near the mouth, as in the articulates. One ot 
the greatest ditfercnccs between Lingula and articu¬ 
lated brachiopods lies in the musculatvire for open¬ 
ing and closing the shell (Fig. 7.14c). Since there is 
neither a hinge line nor teeth and sockets, the shell 
cannot open by leverage, and so the muscular sys¬ 


tem is unlike that of articulates. The two valvo 
close by adductor muscles: a single postenor niusdt 
and a pair of anterior ones. When these relax, the 
valves move .ipart slightly through the elasticity ol 
the muscles, but otherwise the valves can onh’ 
rotate, shear or slide against one another through tht 
action of various oblique muscles which arc laijc 
and well developed. The pedicle has a Icathm 
external cuticle within which is an epithelium, 
embiyologically part of the mantle. Inside it there 
arc muscles cn.ibling the pedicle to contr.ict. so tlm 
when the end is firmly fixed in the sand the bn- 
chiopod can be withdrawn inside its burrow, m 
articulates, the shell is secreted by cells produced in J 
generative zone in the mantle, under the valve nni. 
In Lingula (Fig. 7.]0e) the penostracum is uiiderLua 
by a primary shell with many alternating stratilirt 
layers of organic and phosphatic material. They aif 
all subparallel with the shell margin, and rather thin 
being continuous layers they are elongated len* 
whose mode of fomiation is incompletely unda- 
stood. The phosphatic layers are thicker where thc» I 
overlie the body cavity. There is no secondary layo: 1 
nor are there punctae. 

It is interesting to note how Ungula bunw 
(Thayer and Steele-l’ctrovic, 1973). The liiigulil|i 
Glotlidia, which is the best studied, enters the sedh 
nieiit anterior end first with the pedicle initially uitfi 
as a stiff prop and later trailing behind. The brachifr 
pod then burrows downwards through the sedimnH 
using scissor-like and rotary sawing movenicntsd 
the valves. In addition, periodic rapid valve closuK;) 
ejects water from the mantle cavity and the httl^i 
setae pass mucus-bound sand upwards. When ik,: 
bracliiopod has thus burrowed, anterior end dow 
wards, for some distance, it then turns iipwu^', 
desenbing a U-shaped track. Within a few hounlk,j| 
animal comes to the surface m standard fcf(far| 
position, the correct way up. This remarkable bo , 
rowing system does not at any time involve thet 
of the pedicle as a digging ‘foot’ (as in bivalves); K J 
a method iinicjue in the animal kingdom. 

Ungula is w'idely reputed to be a euryhii; 
genus, but the euryhalinity is in fact only modew' 
Fhus the Australian L. anatina can tolerate saiiiM| 
levels from 20 to 50 per iiiille, but only for aboil 
w'ceks, and such features as pedicle rcgencraDonn 
avoidance of predators by rapid withdrawal i 
impaired (Hammond. 1983) in a much shorter tin 
Other lingulids survive at salinities ranging from! 
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to 42 per niillc, and arc well adapted to waters of 
^ flumiitinj; salinity, usually in waters of S-10°C. and 
akhougli they show a preference for shallow waters 
\hc) have been recorded at depths of down to 3<l(l 
m(Eiiu^etrt/., I97S). 

I Other Linguliformeo (Fig. 7.14) 

J There are two classes within this subphyluin, 
j* lingulat.i and Patennata. Class Linjjulata consists of 
four orders (Holmer, 198*^). Order Lingulida, in 
which the shells arc mainly elongated ovals with 
growth lines, concentric round a near-marginal 
umbo, seems to represent a natural grouping. 
Though Uni^utii and its relatives seem to be typical 
living fossils’, having persisted for long time peri¬ 
ods. there are, however, clear difterences in shell 
structure between living and Lower 
Pilacozoic Liti^jiiliJ species, which casts doubt upon 
whether the latter do in fact pertain to this genus. 
Fimily Oholidae belongs to this order, its represen- 
ttives have suboval or rounded shells (Pig. 7.13e) in 
which the pedicle v.alve often has an internal flange 
divided into two propareas, which resemble the 
jiutenreas of articulated brachiopods and have a tri- 
mgular pedicle groove in between them. The 
^^Msculaturc of Obolits can be reconstructed with 





reference to the muscle attachments and, though 
there are clearly defined adductor and oblique mus¬ 
cles, some evidence suggests that the leverage system 
could have functioned more like that of a rhyn- 
chcrnelliform than that of Liuijula. 

Order Acrotretida (L. Cam.-Kec.) often has circu¬ 
lar valves of differing convexity, some possessing 
higli, conical pedicle valves and flat, disc-shaped 
brachial valves (e.g. Conolri'ta, Nuiiicriavm) and have 
median septa in the pedicle valve, often of complex 
fbnu. Order Discinida has rather flat, round or oval 
shells, with a submarginal umbo and usually strong 
subconcentric growth lines; the living Disciuisca has a 
subceiitral pedicle foramen from which emerges a 
short stout pedicle; the foramen of the Ordovician 
(.Miailoidcs is in a similar position. Order 
Siphonotretida (e.g. Niishhiella', Fig. 7.1 5) differs from 
the acrotretids mainly in shell structure, ontogeny and 
the development of the pedicle foramen. 

Class Patennata (L. C3am.-late Ord.), unlike 
Lingulata, has strophic shells and some other features 
suggestive of incipient rhynchonellifonn structures, 
including a rudimentary notothyrium, delthyrium 
and paired adductor muscles. Mkromitra is typical; in 
the genus Dictyoiiitcs the brachial valve has a remark¬ 
able surface sculpture of open pores. 





Chile 


Bicia 


Kutorgina 


Billingsella 


Glyptoria 


,lp/e7.13 Cambrian brachiopods: (o) Chile (Chileida), complete shell; |b) same, inferior view of pedicle valve, showing central 
■potion; (cl same, lateral view of pedicle valve (x 15): (d) Bicia (Oboleilida), interior of brachial valve; (e| same, interior of pedi- 
"Vwlve (x 5): If) Kutorgina (Kutorginidoe), interior of p^icle valve; (g) same, interior of brachial valve; (h) same, posterior view of 
|Wplete shell showing pedicle opening (x 8); (j) Billingsella (Billingselloidea), exterior view of brachial valve; (k) same, interior view 
lifsdide valve (x 3); (I) Glyptoria (Protorthida), complete shell; (m) same, Interior of pedicle valve (x3). [(d), (e), (j), (k) Redrawn 
ikmlreofise on Invertebrate Paleontology, Part H; others from Holmer, 1996, Geologiskt Forum 9, 10-14 ] 
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anterior 


posterior 


pedicle 





Orbiculoidei 


Figure 7. \A Linguliformes [(oHf), (I), (m)] and Craniiformes [IgHk)]. (a), (b) Ungu/o (Rk.) in its burrow, frontal and lateral 
showing inhalent and exhalent currents; (c) same, showing internal muscles in the brachial valve (x 11; (d) Aiicrom/tro (PatenmodlL 
Gsm) complete shell (x 5): (e) Numericoma (Acrotretido; Ord.), interior of brochial valve; (f) same, exterior of pedicle valve (x 4);(l 
Trime'rella (Ord.), interior of pedicle valve (x 4); (h) Crania (Rec.), exterior and (j) interior of brachial valve, (k) some, intewfll 
cemented pedicle valve jx 2); (1) Orbiculoidea (Acrotretida; Sil.) pedicle valve; (m) same, camplete shell in lateral view (x 2), 
mainly on photographs by Rowell in Treatise on Invertebrate Paleontology, Part H, except for (e), (f) from Holmer, 1989, Fossikat 
Strata 26, 1-176.) 


Subphylum Craniiformea 

In tins subpliylum, vvitfi its single Class Craniata, the 
shells are of calcium carbonate, articulation is absent 
and the pedicle is absent altogether. The iilimentary 
canal has a true anus. This class is regarded as closer 
to Rhynchonelliformea than to Lingulata. Three 
orders have been defined. Members of Order 
Craiiiida (e.g. Crania) are unusual craniifonnes in 
having a shell of protein and calcium carbonate. They 
survive today as the most successful of calcareous- 
shelled craniifomies. In the brachial valve the shell is 
tnple layered. Externally there is an impersistcnt 
mucopolysaccharide sheath with the periostracum 
below. Below this is the primary shell made up of 
needle-hke calcite crystallites, and finally there is a 
secondary layer of calcific laminae sheathed by pro¬ 
tein sheets. The secondary layer is found only in the 
brachial valve; it is absent in the pedicle valve, 
which cements itself to the surface by its outer 
mucopolysacchiuide film. Craniaceans are punctate 
with branching caecae in both valves, used for stor¬ 
ing polysacchandes and protein. Where the muscles 
are inserted, the calcite of the primary Layer forms 
blades nonnal to the surface. Craniids have no pedi- 



Figure 7.15 Nushbiella, (Lingulata, Siphonotretido), bradiid 
valve (x10). (Phatograph by courtesy of Dr Lars Holmer.) 


cle and the pedicle valve cements itself to an appro¬ 
priate substratum. 

The small Order Craniopsida (e.g. Criiiiwid 
includes forms with an impunctatc shell havingciyf 
tallinc primary and laminar secondary layen ami 
platfonns in the central part of each valve. Onfct 
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Ttimcrcllatea (Ord.—Sil.; Fig. 7.14g) consists of 
large brachiopods with thick biconvex shells, proba¬ 
bly aragonitic, having in the pedicle valve a large 
pxudointerarea and strongly defined proparcas 
with a homeodeltidium in benveen. A peculiar 
j bturc IS the common presence of muscle platfonns 
(■ttpported by a centi-al buttress and often turned 
I down at the edges to enclose paired chambers. Tliis 
itvclopment of muscle platfonns is, of course, quite 
Icpcndcnt of that in rhynchonellifonnes. 


7.3 Ontogeny 


The sexes arc separate m brachiopods. Fertilization 
ot'thc cg^ takes place m the sea water after the 
. I'opiuiis genital products have been shed via the 
Htphridia through the mantle cavity and out into 
the sea. Breeding habits arc poorly known, being 
only well documented in Lin^iiUt and TvrcbratHlina. 
Apparently some species have a single annual brecd- 
I mg time; others produce multiple broods during the 
year. 

A species in which spawning patterns are now 
well documented is Tm’hratiilina rcnisii (Fig. 7.3) 
foin waters 10(>-3(lf)m deep otf western Scotland 
(Curry, 1982). These brachiopods nomially live 
iltQched to bivalves. Their bi.annual spawning cycles 
ai late spring and late .lutiimn are initiated at tem- 
Joatures of 10-11°C, and the reproductive cycle is 
wn precisely timed. Growth is at first rapid, 
decreasing throughout the (maximum) 7-year lifc- 
ipiii. There is a slowing down or cessation of 
giiwth in winter, producing clear growth banding. 
Size distribution patterns recorded as histograms 
iliDW regularly spaced pe.iks corresponding to the 
biannual settlement ‘cohorts’; these, incidentally, 
lumed out to be identical with computer-based and 
teoreticallv predicted simulations. 

Ill a few Keceiit brachiopods the development of 

I 4( fertilized eggs takes place in special invaginated 
brood pouches in the shell of the female, and this 
ns to have been the case in certain fossil bra- 
liopods as well. 

The development of the zygote and larv.il stages 
quite different in linguliform, craniifonii and 
nchonellifonn brachiopods, providing good 
bryological evidence that the three classes are 
ural divisions. In Lini;ula the free-swimming early 
[bn’a has two ciliated segments; one becomes the 


body, the other the mantle. From the mantle seg¬ 
ment there develops a mound-like ridge, which 
starts to grow lophophorc filaments while the larva 
is still free-swimming. At the same time the larval 
shell (protegulum) develops as a single plate 
(though this is unusual in any brachiopod), later 
splitting into two separate plates for the brachial and 
pedicle valves, re.spectivcly. The pedicle too grows 
from the mantle segment, and when it is large 
enough the brachiopod settles upon it, usu.ally by 
the time some U) or so mantle filaments have been 
produced. All other structures (c.g. muscles, gut and 
nephridia) originate from the body segment. 

The rhynchonellide Notosaria (cf Fig. 7.1g) 
shows the very different character of rhynchonelli- 
fonn development. The larva has three segments; 
the upper is the globular body segment or anterior 
lobe, the middle the presumptive mantle, and the 
lower the pedicle segment. Initially the mantle seg¬ 
ment hangs down freely over the pedicle segment as 
a cylindrical ‘skirt’. This then inverts itself to cover 
the body segment, leaving the pedicle exposed. 
Shell secretion then begins on the now reversed 
outer surface of the mantle, but the brachial and 
pedicle valve protegula are separate from the begin¬ 
ning. After a very bnef larc'al life (shorter than in 
most inarticulatcd brachiopods) the young individ¬ 
ual settles on the pedicle and completes its develop¬ 
ment. 


7.4 ClassificaHon (Fig. 7.16) 


Brachiopods have never proved very easy to cla,ssify. 
and to some extent the difficulties have been com¬ 
pounded by homeomorphy. Some of the early 
schemes were retained for far too long, simply for 
want of anything better. 

The basis of a new classification of brachiopods 
was Laid by Muir-Wood (1955), who made it clear 
that the concept of working down from ‘orders’ 
predetermined by a few key characters had to be 
abandoned in favour of a scheme of building up 
from the generic level to higher units, thus recog¬ 
nizing but avoiding the problems arising from 
homeomorphy. This defined the main orders, 
which arc clearly set out in the Treatise an Invertebrate 
Paieontolo^Y of 1965. However, there remained a 
fundamental problem, which was how the defined 
groups were actually related to each other, and a 
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((mtitming problem remains in liow to reconcile 
^jitJ from living and fossil braclnopods. Over 95% of 
jll brjchiopod genera are extinct and there are con- 
Ditrable differences in anatomy and ontogeny 
ticnvccii the various brachiopod groups. 

Tlie main brachiopod taxa originated m the 
Ojpibro-Ordovician, and here significant new d.ita 
hjiitcendv become available in the form of previ- 
uusly unknown faunas of very' early calcareous- 
•AcUcil braclnopods representing a critical stage in 
erolutioii (e.g. Class Chileata). The fact that such 
I,IS were recovered from Kirghizistan and 
.ticj explains why they had not previously 
Ikcii recorded. Williams cl a/, (1996) performed a 
iitial computer-based cladistic analysis of bra- 
diiopod relationships, incorporating this new data. 
TTiis proved to be hilly consistent with the strati- 
P^liu record of all brachiopod groups. It will be 
jdopted generally and a simplified version is given 
Wow, and illustrated m Fig. 7.16. From the stu- 
dciii's point of view, it is perhaps unfortunate that 
ihc simple, and easily remembered classification of 
ds major orders of ‘articulated’ braebiopods has 
nosv passed into history, but such is the nature of 
wcntific progress. 


WtlUM BRACHIOPODA (Cam.-Ret.): Solitary inannc 
l^jlvcii coelornatcs, iiiei]uiv.ilved but bilaterally syinmetrieal 
pirmal to the commissure plane. Shell chitmopliospbatic or 
aitjfcoiw; pedicle attached, cemented or free. Valve.s 
|_«»mc<l by mantle, enclosing body and mantle lavities, the 
kttri with a filamentous lopliophore. 

^]H»PHYLUM UNGUIIFORMEA (L. Cam.-Rec.); Valves not 
tajtfd by teeth and sockets Shell orgaiiophosphatic. Pedicle 
taully present, fieshy ,ind muscular, emerging between 
nb'Cs or from the apex of a valve. Planktic larsM. 

ClASS I. UNGULATA (L. Cani.-Rec.); Urachiopods with 

i Mganophosphanc valves laebng teeth or sockets, valves 
attached by muscles and body wall only. Muscular pedicle 
fomicd as outgrowth of mantle, lophophore unsupported. 
Cut with tnie anus. 

ORDER I. LINGULIDA (L. Cam.-Rec): Shell biconvex. 


Hgure 7. Id Time ranges and relationships of major brochiopexf 
jtups, with representative genera illustrated. The nine classes 
iducle Ungulala (Li|, Poterinota (Pa), Craniata (Cr), Chileata (Ch), 
Obolellata (Ob|, Kutorginato (Ku|, Strophomenata (St) and 
Ibyndionellata (Rh). Genera illustrated are I, Lingula; 2, 
Ukromilro; 3, Crania; 4, Didyonella; 5, Ortfiotetes; 6, Triplesia, 
I, VWfamo; 8, Eopleckxionta; 9, Cbonetes; 10, Dictyoclostus; 11, 
Ikperorihis; 12, Penlamerus; 13, Plicirhynchia, 14, Ahypa; 15, 
Cfrioipirifer; 16, Thecidea; 17, Composita; 18, SHphrotnyris. 


elongate, teardrop shaped or rounded, umboncs usually 
located terminally, pedicle growing out posteriorly 
between valves; e.g. IjniluLi, O/iii/iu. 

ORDER 2. ACROTRETIDA' (L. Cam.-Rec.) Shell circular 
or subcircular, often clongitcd, pedicle opening where 
pR'sent ctmfincd to pedicle valve, e.g. docirii'f./, 
('otioireM, Nuineria'ma. 

ORDER 3. DISCINIDA (M. Ord.-Rcc.): Shell rounded, 
pedicle opening (at lca.st in young shells) forms a man- 
gular notch in posterior margin of pedicle valve; c,g. 
Tnimtlis, Disiinu, Orhitiiloitka. 

ORDER 4. SIPHONOTRETIDA (U. Cam.-Oid.): Shell 
biconvex, rounded to teardrop-shaped with liollow 
spines, pedicle foramen circular and apical, e.g. 
Sii’hoiiiHri'lii, T'iiislihiilla. 

CLASS 2. PATERINATA, with the single Order Patemiida 
(1.. Cam.-U. Ord ): Shell rounded to elliptical but with a 
near-straight edge fomiiiig a pseudointerarca with a (often 
closed) deirhynuin. Pedicle probably absent; e.g. Piikritui, 
Miavinitnu Dirryonitrs. 

SUBPHYLUM 2 CRANIIFORMEA (I C.im.-Rcc.); Itrachiopods 
with calcareous shells, lacking teeth and sockets, and with the 
pedicle reduced or absent. Pedicle valve cemented, gut with 
anus. Single Class CRANIATA. 

ORDER 1. CRANIIDA (?M. Clara.-Rec.): Shell rounded, 
punctate, usu.illy attac hed by cementation of the pedicle 
valve, brachial valve usually conical, muscle .scars pro¬ 
nounced; e.g. OrtMiii, S-voLtiitUit, I aliliiHnlliyrii. 

ORDER 2. CRANIOPSIDA (M. Ord.-L. Carb.): Shell ellip¬ 
tical to linguloid, with marked conceiitnc growth lines, 
impunetate low muscle platform present, cemented by 
apical region of pedicle valve or free lying; e.g. CmMin/i.i. 
ORDER 3 TRIMERELLIDA (M. Ord.-LT Sil.): Shells large 
and thick svitli muscle scars in both valves, aitictilatioii 
by binge-plate in brachial v.ilve and cardin.il socket in 
pedicle valve. All were free lying: e.g. Trimirrlhi, 
Dinolwliis. 

SUBPHYLUM 3. RHYNCHONELLIFORMEA (1.. Cam.-Rec.): 
Shell calcareous, endopuiictatc, impunetate or psciidopunc- 
ute. I eerh and sockets present, though sometimes lost sec- 
oudanly. Crura usually present, sometimes prolonged as a 
brachidiiini. Valves opened by diductors, closed by adduc¬ 
tors. Pedicle arises from larval rudiment. Gut without anus. 
CLASS 1. CHILEATA (L. Cam.) Shell scrophic. marticulated. 
pedicle valve with cardinal mterarea, ventral valve perfo¬ 
rated. Single ORDER CHILEILYA; e.g. C/ii/e, 

CLASS 2. OBOLELLATA (L. Clani.-M. Cam.): Shell calcare¬ 
ous. biconvex, subcircular to oval. Pseudointerarca m 
pedicle valve, position of pedicle opemng variable, beak of 
brachial valve marginal. Single ORDER OBOLELLIDA; 
e.g. OholcUa, Trcniatoholus. 

CLASS 3. KUTORGINIDA (L. C.im.-M. Cam.): Shell cal¬ 
careous, biconvex, cardin.il area in both valves, 
delthynum and notothyrium present but no teeth, sockets 
or cardinal process, e.g. Kiilorsma. 

CLASS 4 STROPHOMENATA (M, Cam.-Trias.): Nomially 
concavo-convex or plano-convex shells with slropliii 
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hinge, simple teeth, often lost, shell usually pscudopunc- 
titc, some umbon.illy cemented, tubular spines may be 
present . lophophorc supports rarely found. Cardinal 
process often bilobed, pedicle foramen often closed. 

ORDER 1 STROPHOMENIDA (Ord.-Tnas.). Usually con¬ 
cavo-convex. smooth or with fine ribs, simple or 
reduced teeth. 

SUBORDER 1 STROPHOMENIDINA (Ord.-Tnas.). 
Wano-convex to concavo-convex, often small, with 
fine radial nbs, simple teeth often replaced by denti¬ 
cles. c.g. to/ilcctoiionla, Simirhyella, Plirtambomtes, 
Siwplwdonta. 

SUBORDER 2. ORTHOTETIDINA (Ord.-Trias.): Pedicle 
non-functional in .idult, the pedicle valve is often 
cemented, teeth simple, a spiral lophophorc is 
inferred foi many genera; e.g. fardctiia, Orthcifeles, 
MctMhi , Slrcplorliymliij.. 

SUBORDER 3. TRIPLESIIDINA (L. Cird.-U. Sil): 
Biconvex impunctate shells, pedicle valve interarca 
with arched pseudodcltidiuni, brichial valve interarca 
lacking, with long forked cardinal pmeess; e g. 
Tnplesiii. 

SUBORDER 4. BILLINGSEUOIDEA (L.-M. Cam.). 
Biconvex, well-developetl hinge, mterareas and 
teeth, simple cardinal process, widely divergent 
muscle scars; e.g. liillinpella. 

SUBORDER 5. CUTAMBONITIDINA (Ord.): Wide- 
hinged impuncute pseudopunctate shells, having 
pronounced pseudodcltidiuni; e.g. CUlrnnhioiili’S. 
SUBORDER 6. CHONETIDINA (L. SU.-Perm ): Small to 
large plano-convex shells, with prominent spines 
along the pedicle valve interarca; e.g. Slrophochoni'tes, 
Cliont'Irs. 

ORDER 2, PRODUCTIDA (L. ncv.-?Tri.is.): Shell usually 
plano-convex, asually with deep mantle body cavity, 
occa.sioiially conical and birarre in fonn. Valves often 
geniculate, usually prolonged into a 'trail'; delthyriuin 
and notothynum fret|uently closed. Shell usually with 
tubular spines. 

SUBORDER 1 PRODUCTIDINA. Usually cemented In 
early stages, free living as adults, cardinal process bilo- 
bate or trilobate; e.g. Ibrodtictus, Gifnnloproduinis, 
H da^iwami/ia, Diclyochsnu. 

SUBORDER 2. STROPHALOSIIDINA. Early stages usually 
cemented, later stages anchored by root-like spines. 
Includes many bizarre fomis; e.g. Sirophalosia, 
ChonosUyes. Cyclacanihiiria, Riihlluifeiiiii, Ix’ptodus. 
CLASS 5. RHYNCHONELLATA (L, Cam.-Rec.). 
Rhynchoncllifornies with biconvex, calcite shells, 
impunctate or endopuiictatc, a calcified brachidiuni may 
be present. 

ORDER 1. ORTHIDA (1.. Cam.-U. Perm.): Articulata wnth 
unequally biconvex strophic shells. Dclthyrium and 
nototliyriuni usually open; cardinal process nonnally 
present. Shell impunctate, rarely punctate. Ventral mus¬ 
cle field small; muscle platform rare. Brachidia absent, 
but lophophorc probably schizolophous or spirolop- 


hous. Suborders include 

SUBORDER 1. PROTORTHIDINA (L. Cam.): Pnmuin 
orthides. lacking a cardinal process; e.g. 1‘TMtihu 
SUBORDER 2. ORTHIDINA (L. Cani.-Pemi.): Nomudr 
impunctate, finely ribbed shells (other than Ui 
SUPERFAMIIY ENTEl.ETACEA in which tht 
shells are punctate); e.g. Orlhis, Helrri>rllns. I'ala'iimt 
I'ishyrlla, Sehiinphoriii, Dalinanftla. 

ORDER 2. PENTAMERIDA (M. Cam.-U. Drv.) 
Biconvex, impunctate, usually non-strophii shells with 
spondylium m pedicle valve and sometimes a pair al 
vertical plates (crur.ilium) opposite the spondylium, iht 
whole enclosing the muscle cavity. Suborden include 
SUBORDER 1. SYNTROPHIIDINA (M. Cam.-L. Dev); 
Pcntamcrides with prominent fold and sukm inl 
open deltliyriiim; cniralium rare; e.g. Poiamlmiites. 
SUBORDER 2. PENTAMERIDINA (M. Ord.-U Dts.), 
Large strongjy biconvex shells, usually lacking fold 
and sulcus; cruralium well developed, e.g. PiWJinenn 
Stmklaiidia, Sichun'lht. 

ORDER 3. RHYNCHONELLIDA (M. Ord.-Rec.); She! 
nonnally non-strophic, usually with beak and hllk- 
tion.il pedicle; dclthyrium partially closed; crutJ i» 
brachial view. Usually with coarse nbs iiicenng aloii(i i 
zigzag commissure, and often with a pronounced fold 
and sulcus. Spirolophous. Muscle platt’onits developed 
only in Superfamily Stenocismatacea. InipiiiKlitf 
except for monogeneric Superfamily Rhynchoporaeci 
e.g. Rhyiiclwnella, Ibignax, Camaroloediiii, Gifi/iir/ipmfw 
1 !th-iimlus, 'I'etrarliynchia, tl'ihoiiia. 

ORDER 4. ATRYPIDA (M. Ord.-U. Dev.): liiipunujir 
and biconvex shells with short liinge line and narnm oi 
absent interareas. Open delthyriuin or umbonal prdidf 
foramen. Spiraha may be dorsally or laterally direittdt 
e.g. Alrypa, Cuia^ygit, Ghmiii, Oayui. Reteij, Dundsmt 
ORDER 5. SPIRIFERIDA (M. Ord.-Pcmi ); Shells bicon¬ 
vex, usually strophic, often with a long hinge line, ty(»- 
cally ribbed, interareas well developed, especially in the 
pedicle valve. Laterally directed spiral brachidiuni. mill 
or without jugum, punctate, dclthyrium open or doled 
e.g. Spirifer, Hracliythyrif, Mturospmffr, Gyrlia. 

ORDER 6 SPIRIFERINIDA (L. Carb.-L. Jur,): Usually uiiJl 
shells, similar in most rctipects to Spinlerida, bui nuuill 
punctate; e.g. Spirifrriiia. Uriplica. Pumtospirifer. 

ORDER 7. ATHYRIDIDA (U. Ord.-Jur.): Sniootli impuiK- 
tate shells with narrow hinge line; beak often tnmrattJ 
by umbonal foramen; laterally directed spiralia joined| 
by jugum of peculiar and complex fonn; e.g. .difijw. 
Composita, Mcrisli’lla, TcnMtincUa. 

ORDER 8. TEREBRATULIDA (L. Dev.-Rec.): lliconwi 
articulates with short non-strophic hinge, and wilJ| 
functional peilicle emerging through umbon,il fonmief 
Dclthyrium generally closed by delthyrial plates. Shd. 
punctate. Brachidiuni loop-like, usually plectolopho* 
Suborders include 

SUBORDER 1. CENTRONELLIDINA (L. Dcv.-Pennlj 
Archaic terebratulides with pnmitive loop of owj 


Of 

sh( 

clc 

ret 

rep 

spi 

mr 

III 

Ur 


.5 


Tlic ea 
4ge, .UK 
ilctiried 
There a 
liii^ulift 
that still 
whole t 
chiopoil 
includes 
ozoaiis). 

Il.e c 
{WilJi.iir 
the eran 
closely r 
linp^ilitb 
before 
I'rccamb 
concentr 
these tui 
siii,ill-sca 
not occi 
base oft] 
in the lip 
able. An 
choncllift 
Kutorgin 
firogenitc 



Evolutionary history 183 


fomi; e.g, Cvntronclk, Srniit;oir/tlialus. 

SUBORDER 2. TEREBRATULIDINA (L. Dev-Rcc.): Short 
Iwp; iiieduii septum usually absent; internal spicules 
developed; e.g. Dielrtsniii, '/ireiratn/ii, 

Plifiolhyrii. 

SUBORDER 3. TEREBRATELIIDINA (Tnas.-Rcc.); Long 
loop \sith cjrdinalia and median septum, e.g. 
Magflliiiiia, Xeil/ena. Dij^owlla, Tmlmtclla. 

ORDER 9, THECIDEIDINA (Trias.-Rer.); Small thick- 
.dicUcd articulates, usually cemented and without pedi¬ 
cle. capable of opening very wide. I’rycholophe 
recessed deep svithin granular interior. They have been 
regarded variously as strophonienides, terebratulidcs. or 
spinteridcs; Baker (I'WO) on the basis of shell 
auerostructure refers them to the I )rder Spiriferida; e g. 
Thendca. Ijtia^i'lla. Moorellma. 

Order uncertain 

SUBORDER DICTYONEILIDINA (M. fird-Bemi.): 
Small group of unusual bracliiopods ni wluch umbo 
of pedicle valve is marked with pecuhar tnangular 
umbonal plate; e.g. F.idiu'iiltlia. 


7.5 Evolutionary history 


The earliest bracliiopods are of Lower Cainbri.in 
ii.’t, and they are readily dilTerentiated into the three 
fcfiiifd subphyla which persist until the present day. 
There are such evident differences between Recent 
fciguliloniies. craiiiiforiTies and rhynchoncllifonnes 
ill some authorities believe the brachiopods as a 
(bole to be polyphylectic. In this view the bra- 
biopods are a ‘clade of organization' which 
idudes other lophopliorates (phoronids and bry- 
KMiis). 

The division of Urachiopoda into three subphyla 
^illiaiiis cl al., 1996) implies monciphyly, though 
b( craiiiiformes and rhynchonellifortites are more 
Ibtely related to each other than they are to the 
bgulifonnes. There is no record of bracliiopods 
kforc the Cambrian, and although some 
Ibtcambrian ‘bracliiopods’ of teardrop shape with 
Wcentric rings were described some years ago, 
hese turned out to be inorganic, resulting from 
lull- scale mud Hows. The earliest brachiopods do 
bl occur until some distance above the defined 
Idcofthe Cambrian. 13ut their diversity, especially 
bthe light of new discovenes, is already reniark- 
ic. Amongst the earliest are short-lived rhyn- 
itmellifonii orders (Chileida, Obolellida and 
^rgiiiida), the llillingselloidea which were the 
teciiitors of the Stroplionienata (Fig. 7.13), and 


the first orthides and pcntanierides, as well as the 
first rhynchonellifomies. The earliest craniifomi 
Philhi'tira is doubtflilly recorded from the Middle 
Cambrian, but this subphylum did not re.ally get 
under way until the Middle Ordovician. 

Brachiopods as a whole had become quite com¬ 
mon locally m the late Cambrian; for example, 
swarms of the orthide Oriisia in Scandinavia cover 
endless bedding planes. It was only in the early 
Ordovician, however, that there w.as a real evolu¬ 
tionary burst, and it was mainly confined to the 
rhynchonellifoniies. The lingulifomies and cram- 
iformes never thereafter played more than a subor¬ 
dinate role, except loc.illy. 

By early Ordovician times most of the rhyn- 
chonellifonn groups which came to dominate the 
Palaeozoic were becoming fully established, includ¬ 
ing the early strophonienides and rhynchonellides, 
while the orthides and pentamerides continued to 
diversify. Then came the late Ordovician ice age, 
which had a significantly adverse effect on bra¬ 
chiopods, though none of the major taxa became 
extinct. During the Silurian there was some reduc¬ 
tion in the diversity of inarticulated brachiopods, 
and of ortliides and strophonienides, though rhyn- 
choncllides and spiriferides continued to expand. In 
the uppennost Silurian to Lower Devonian the last 
of the important orders, the Terebratuliiii, was 
added, probably derived from an athyridine ances¬ 
tor. During the Devonian the spirifendes reached 
their peak, and there seems to have been a general 
brachiopod expansion. By the late Devonian there 
was a general decline and widespread extinction, 
and the pentamerides died out. In the later 
Palaeozoic there was a new burst of evolution, par¬ 
ticularly m the Order Productida. which include 
many large and peculiar, though highly functional 
genera. These first appeared m the Silurian and 
extended through the Permian. Their great success 
was partially because they successfully colonized a 
habitat previously closed to brachiopods: the 
quasi-infaunal or almost buried (and hence pro¬ 
tected) mode of life. Amongst these are included 
Gi^dntofnodiictHS, the largest of all brachiopods. The 
Permian was a rime of great evolutionary plasticity 
in productides, culminating in the origin of 
some very peculiar Peniiian groups - especially in 
Subfimily Strophalosiidina (e.g. Riclitliojhihi, 
CYdacaiitharia, Gcmellaroia) — which colonized reef 
environments and which, in spite of their aberrant 
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and quite unbrachiopud-likc appearance, were 
highly adapted to particular environments. Some of 
these, interpreted ftjnctionally by Kudwick and 
Cowen (1‘^bS), involved very promising adapta¬ 
tions, such as rhythmic How feeding supplanting cil¬ 
iary pumping. 

However, with the severe extinctiom ol late 
Permian time, in which all fossil groups were 
artected, even these new devices did not help the 
productides to survive. Only a very’ ^cw (such as the 
family Thecospindae) made the transition to the 
Mesozoic. The rest became extinct, as did the 
ma jority' of the Palaeozoic groups, by the end of the 
Middle Jurassic the last spiriferides had gone, leaving 
only rhynchoncHides and tcrebratulides, which 
together with the small suborder Thecideidina make 
up the groups that have survived until Recent times. 
Living rhynchoncHides are able to extrude their 
spirolophes out from the shell into the water for 
more eflFicient food gathering, and possibly also for 
righting an overturned shell by leverage. Agcr 
(1967) suggests that this may be one reason why 
rhynchonellides sui-vived but spiriferides failed to 
do so. 

Thecideidines (e.g, lutuizelh) are a small group of 
calcareous-shelled ptycholophous articulates whose 
affinities have been disputed, but on the bxsis of 
shell structure are now regarded as spiriferides. They 
remain an interesting enigma. Detailed studies of 
these remarkable brachiopods have been made by 
baker (1970, 198.1, 1990). 

Lingulifonnes seem to have changed little since 
their decline at the end of the Ordovician, though 
their habitats have become less diverse if the known 
presence of deep-water Imgulides in the Silurian is a 
reliable guide. 

Craniiformes w'cre never more than a minor 
component of the brachiopod fauna as a whole, and 
arc represented today only by three genera, of 
which only Craitia is cosmopolitan. 

The character of brachiopod faunas thus seems to 
have changed greatly throughout the Phancrozoic, 
and even a superficial analysis of any fauna will nor¬ 
mally enable it to be referred to a particular system. 
Various theories have been proposed to account for 
the remarkable conservatism of post-Palaeozoic bra¬ 
chiopods. 

Compention with bivalves, especially those with 
siphons, may have been a factor in limiting the 


post-Palaeozoic expansion of the brachiopods. Ii 
was not, however, a direct effect, for only after the 
Permian extinctions did the bivalves come to donu^ ^ 
nance. They seem to have ‘weathered the storm’ ‘ 
better (Chapter 1) and, being the first in the ’race'to 
colonize the sea floor afterwards, stayed there as i 
dominant component of new but balanced ecosys- f 
terns, which generally excluded bracliiopnd*.' 
Moreover, as Rudwick (1970) has shown, the 
infaunal habitats so successfully exploited by tht 
siphonate bivalves arc not those in which bri* | 
chiopotls were ever very successful, other than tW 
qu.isi-infaunal productides. Possibly it wis only 
when the latter were extinct that it was possible fat 
the bivalves to exploit the infaunal habitat to i 
higher degree than before. 

Another factor may have been the nse of path- 
tory starfish in the early Mesozoic, the tomnHiii 
enemy of both brachiopods and cpifautul bivalves 
Although the first starfish with muscular .mm at 
known from the Carboniferous, tube feet witi 
Slickers, a flexible mouth frame and an cvenjilij 
stomach did not appear until the Mesozoic. Bivalvft 
being primarily infaunal, in any case have betW 
defences against predators, whereas living cpilauiul, 
sessile brachiopods have none (other than a repcllnl 
taste and preference for cryptic habitats). Thuscarli 
Mesozoic brachiopods, already recently dcpltivd 
may have been prevented from re-radiatiiif b| 
predatory starfish, to which they so easily fell pro. 


7»6 lcok> 9 y ond distribution 


Ecology of individual species 


' been btin 


Nearly all brachiopods through time have I 
thic. A few lingulifonnes found in graptobte sin 
and rare tiny rhynchonellifomies (e.g. thtuw 
Burton and Curry, 1985) may have been cpipk 
tonic if a convenient habitat were available, b* 
(1984) life-strategy groupings proposed Ion 
Silurian can be extended to cover virtually; 
thic brachiopods; these categories are not iniitu 
exclusive but often intergrade. Whereas iicadif^J 
Recent brachiopods remain attached to hard' 
strates, many Palaeozoic faunas were able to livti 
soft sediment substrates. 
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Epifaunol brachiopods 
^ Fixosessile brachiopods 

Tk)c remain attached titroughour lite. Those 
#hich have stout, single, imbranclied pedicles are 
iinowii as plenipedunculatc. Most modern bra- 
jBliopods arc of this kind and are normally attached 
to rocks and dead shells on the sea Hoot by means of 
till'pedicle. Fossil plenipedunculatc brachiopods arc 
^ccinics found in ‘nests' or clusters. 

In some brachiopods the pedicle is divided 
into thin threads like byssus, which can penetrate 
I ale roots into deep-sea oozes and attach themselves 
to dead foraminiferid shells. Such rhizopeduncu- 
' tie brachiopods as the living terebratulaccan 
CWdciiw/i/iora and the rhynchonellidc Cryploponi are 
thus able to anchor themselves on soft substrates and 
tins mode ut life may have been t|uite common in 
tachiopoils generally. The pedicles of brachiopods 
have remarkable attachment strengths, and many 
iin live abundantly in subtidal cinrent strengths of 
inis'. Brachiopods do not, therefore, seem to be 
■tcludcd from turbulent environnients by any 
Ifeakncsses in the pedicle (Thayer, 1975). It has 
been calculated and shown e.xperimentally (Blight 
md Blight, 1990) that .diofroipin/enj. ancliored to 
rile substrata by a long thin pedicle, would actually 
Kc in the water in much the same way as a kite flies 
in the air. This would only happen at a current 
litlociry’ ol >0.5 m s '. If tliis takes place a region t>f 
ItVerscd flow takes place round the anterior edge of 

i jrachiopod. The advantage of such ‘flying’ 
d be enhanced filter feeding due to in with 
iial effort, since the ‘reversed flow’ could be 
use of Burial would also be avoided, 
crusting brachiopods attach to hard substrates 
r pedicle valve directly the larva has settled. In 
living Cniiiii), and its fo.ssil relatives, the 
sted shell follows the contours of the substra- 
A few Silurian rhynchonelliformes arc likewise 
sters, as are some lingulates (e.g. Orhkuloidi'a). 
an encrusting strategy was often confined to 
ontogeny in umbonally cementing bra¬ 
nds, and is best known in productides, where a 
r cicatrix often marks the umbo of the pedicle 
indicating attachment of the juvenile shell. 

1 the shell had grow'n enough to be stable 
endently, it broke off and became free-lying 
'auvoiicha; q.v.). But in such productide genera 
I’enman Falafer (Suborder Strophalosiidina; 


Fig. 7.17a-c) in which, incidentally, the lophophorc 
support is preserved, the tubular spines were used 
for attachment to a hard substrate. 

Many such Pennian productides used their spines 
in this way. The Lower Pennian Clwnosie^es (Fig. 
7.171—n) is usually found cemented to larger bra¬ 
chiopods or corals. Here the cemented base of the 
shell is flat, the anterior part is raised up and fixed by 
tubular spines from the pedicle valve, and the 
brachial valve bears little funnels of uncertain I'unc- 
tion arranged along the edge of the shell, 

Liberosessile brachiopods 

Most brachiopods with a closed pedicle opening 
(e.g. many strophomeiiidcs, some spiriferides or 
orthidcs) must have lain upon the sea floor. Such a 
habit is rare in Kecent brachiopods, and this may be 
linked with the increase in bioturbation since the 
Palaeozoic. Brachiopods that lie freely on the sea 
floor as adults are termed ambitopic. Many 
srrophonienides have a dish-hke recumbent habit 
that spreads the weight evenly. Chonetidines have 
spines along the posterior margin of the shell which 
may have supported the recumbent shell like a 
snowshoe. Alternatively the shell might have been 
held upright with the spines plunged vertically in 
the sediment, rhe Silurian spiriferid Cyriia lay flat 
upon its expanded interarea, and the slender 
conc-like pedicle emerging from it could have had a 
‘tethering’ function but would not have been sup¬ 
portive. Platforms and ‘wings’ were sometimes 
developed, giving maximum support on the surface 
of the sediment, while Atrypa had the shell extended 
as a broad flange. Co-supporrivc associations, with 
brachiopods tightly packed in an umbo-down 
posture, arc sometimes found. In these the close 
crowding would give mutual support. I’his kind 
of relationship is most common in pentamcraceans 
and other thick-shelled brachiopods of fairly 
high-energy, open shelf environments. 

Endofaunal brachiopods 

Lingula (q.v.) is a highly adapted burrowing bra- 
chiopod which is able to live cfFccnvely in soft sub¬ 
strata. A fair number of instances of fossil individuals 
ill life position have been described. Some Silurian 
species of Lini^uln, however, seem to have occupied 
borings, made and abandoned by other organisms in 
large coral colonies. 

Though the infaiin.il niche so well exploited by 
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was nevci liiUy Loloiiizcd by rhynchoncUi- 
fcmies. many productides and perhaps some otlier 
soBpliomenides seem to have spent their adult lives 
partially buried in sediment and with a sediment 
cover over the concave brachial valve. These are 
said to be quasi-infaunal. Adult productides (Fig. 
.17) were anchored by the strong spines that pro¬ 
jected from the pedicle valve. These spines, fomied 
II the margin of the valve, were originally hollow, 
later becoming filled with calcitc as the mantle 
OTthdrew. Since the margins of both valves arc 
iharply flexed upwards and drawn out into a narrow 
crescentic flange or trail, only this tliin crescent 
^ would show above the general level of the sedi¬ 
ment. and the braclnopod would thus be well 
camouflaged. lVaa(;eiwaviclM (Fig. 7.17d—f) is a pro- 
ihicnde with delicate spines on the brachial valve 
which probably prevented settled sediment from 
being winnowed aw,iy. During the ontogeny of 
WM^awamdui the settling larva attached itself' to 
eylindncal bryozoans m the same environment, 
which It embraced with one or more pairs of curv¬ 
ing carchnal spines and to which it remained 
Utachcd for some time. When the shell became too 
brge and heavy it broke otTand, landing on the sea 
Soot, grew long stout spines which it used for 
anchorage in the mud, eventually becoming buried 
1 isfaras the trail (Grant, lS)66a,b). 


hflureZ 17 Adaptations in Permo-Carboniferous Productida: 

I plfo/ofer (Perm.), interior of pedicle valve; (b) the ptycholophe 
I bptiophore, (c) reconstruction of Falaler, attached by spines to a 
tad substrate (all x 2): (d) Waagenoconcha, a Permian spiny 
(icductide, reconstructed; (e) medion section showing disposi- 
I 'Mofvalves and spines; (f) juvenile of same attached to an erect 
hyozoon (all x 0.8); (g) Cyclacaniharia, a highly modified 
Pimian reef-dwelling productide (x 2); (h) Rudwick's conception 
dhow such o brochiopcxl fed by flapping the valves: a rising 
biochiol valve would flush out the interior; (j), (k) 

■(Wtjproducfus, a Carboniferous spiny productide of quasi- 
irburxil habit, shown (j) cleaning sediment from Hange by clap- 
M valves together (x 0.4), (k) cross-section through flange of 
bavproductus, showing various sediment boffles (1, spines 
■duding large particles; 2, flange acting as a settling table for 
Hkmediote particles; 3, taleolae (endospines) trapping small 
Sitides, 4, only food particles get through); (l)-{n) Cnonosteges 
hno.), (I) in life position, dorsal view (x 5). (m) side view of fun- 
tkonbrochial valve (x 20); (n) median section of Chonosleges, 
lowing posterior cemented part, raised anterior part attocned 
tytubular spines, and funnels |x5). [hhainly based on Grant, 
*?66a, 1972, and illustrations in the Treatiie on Invertebrate 
Uunlology; (h) bosed on Rudwick, 1961; (j), (k) redrawn from 
Mis, 1968] 


In the ca.se of KochiproJiictiis (Fig. 7.l7j.k) the trail 
forms a wide, flat, horizontal flange which must 
have lain flat on the sea floor. Experiments on mod¬ 
els with a flow tank (Slieills, 1968) showed that the 
wide flange acted as a settling table for extraneous 
and inedible particles, while smaller particles that 
passed through the first baffle were trapped by tale¬ 
olae extended like a row ot stakes at the entrance to 
the mande cavity. 

The quasi-infaunal niche does not seem to have 
been adopted by any Recent brachiopods. 

A rather unusual adaptation of the pedicle has 
been described in the Recent tercbratulide Maj^adim 
Tills hves in a high-energy environment in 
drifting, mobile shell sand. Most shells are partially 
buried with only their anterior edges protniding; if 
their shells are buried they push themselves to the 
surface using the finger-hke pedicle as an elevator. 
These observations (Richardson and Watson, 1975) 
extend quite unexpectedly the range of know’ii sub¬ 
strate relations in brachiopods. 

A very few hviiig niicromorphic brachiopods live 
as interstitial fauna in marine sands and it is possible 
that some tiny fossil linguliformcs (e.g. acrotretides) 
could have done the same. Some brachiopods lived 
in nests or clustcri whose early members anchored 
themselves to a chance dead shell and later their 
own dead shells provided a settling place for later 
generations. In such nests at least three annual 
broods have been found (MaUain, 1962), containing 
brachiopods of the same or difi'erent species. The 
nests c.inie to a sudden end, probably by being over¬ 
whelmed by the sediment which preserved them. 

Spiriferides, which sometimes grew in similar 
clusters with only a small basal attachment area, arc 
sometimes found to be asymmetrical and distorted, 
probably through crow'ding by adjacent individuals 
(Ager and Riggs, 1964). 

Recent plenipedunculate brachiopods have the 
ability actively to orientate themselves with respect 
to currents, and the positions taken up by living 
specimens in areas of current flow confonn to 
hydrodynamic predictions. 

If the anterior—postenor ,axis of the shell W'as par¬ 
allel with the current (and especially if the excurrent 
region faced into it), ciliary pumping would actually 
be opposed by pressure distributions. If, on the 
other hand, the living animal had the axis perpen¬ 
dicular to the current (and cspcci.ally if one of the 
incurrent regions faced into it), pumping would be 
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assisted. Tins IS, in tael, exactly what happens in 
species studied, and brachiopods may swing through 
a substantial arc to take up this preterred position 
relative to prevailing currents (La Barbera, 1977). 

Functional pedicles seem to have been present in 
most rhynchoncllides and tcrebratulidcs, most 
orthides and spirifendcs, some pent.mierides and a 
few strophomcnidcs. 

Brachiopod assemblages and 
'commonify' ecology 

Fossil brachiopods tend to be found m recurrent 
assemblages, often composed of several species. In 
these .issembLiges other invertebrates also occur, but 
the brachiopods are usually dominant. Fhesc assem¬ 
blages have been much used in recent years in 
attempts to understand the structure ot ancient 
(mainly epifaunal) palaeocomimmities and the con¬ 
trols operating upon them. 

The recurrent assemblages characterize particular 
environments and in life must have reLitcd to such 
parameters as depth, temperature, salinity and sub¬ 
strate. Most palacoccologists working with recur¬ 
rent assemblages have tried not only to define them 
in terms of their composition and the relative abun¬ 
dance of their faunal elements, but also to deter¬ 
mine, as far as possible, the nature ot the controls. 

So much recent work has been done on this most 
viul of palaeoecological fields that the bulk of liter¬ 
ature IS considerable. Only a few examples are here 
selected for discussion, 

Ordovician palaeocommunities 
In recent years voluminous knowledge ot 
Ordovician palaeoconimuiiity structure has accu¬ 
mulated. Although this started later than comparable 
studies on the Silurian, over .SO difFcrcnt associations 
have by now been described. It is hard to summarize 
and integrate all this information into a coherent 
picture, but some key works have been successful m 
doing so. Lockley (1983), using cluster analysis, and 
working on Anglo-Welsh taunas from the ty'pe area 
of the Ordovician, has been able to discern some 
clear patterns of distribution of fossil bracluopods 
relative to origin.il sediment types (Fig. 7.18). 

Coarse sediments, as has long been known, are 
dominated by coarse-ribbed orthaceans (Hesperorthis, 
Dinoriltis), whereas very^ fine sediments contain 


many marticuLitcd brachiopods and small plcctam* 
bonitaceans {Sericoidva, Chonetciidca). The silty mill- 
die part of the spectrum is of wider diversity aiiils 
donunated by dalmcnellids, heterorthids and hijS 
plectambonitaceans such as Sou'erhyelUi, which lnv( 
relatively wide facies ranges. F.xtrapolating further, 
Lockley was .able to show that the range ot bmdliOi 
pod associations could be divided into eight iii^ ■ 
community types, which persisted througlioul ihi j 
whole of the Ordovician. Even though the ginaT' 
changed through time, the b-tlance, facics associ> j 
tions and general aspect of these eight comnuitiiUr 
remained relatively similar. 

Silurian palaeocommunities 
Early classic studies of brachiopod-dominiHt 
palaeocommunities were those ot Ziegler (l*hd. 
and Ziegler et al. (1968), updated by Cocks a 
M cKerrow (1984), which were based on renittca 
assemblages of Upper Llandovery age in the Web.' 
Borderland (Fig. 7.19). 

During the earlier Llandovery a shoalinc k 
eastwards from Flavertbrdwest and, curving noitl- 
wards near the town of Llandovery, extended (k| 
northwards. On the shelf sea between the short« 
the graptolite shale area to the west lived a riiij 
fauna. By the time the shoreline had retreated 
east of the Malvern Flills in the Upper LbndoW!'| 
the shelf was much broader and shelly faunas »r 
difl'erentiated over it. Five distinct though {.■nlu 
tioiial palaeocommunities donunated by bradiiK 
pods (though with subsidiary biv.ilves, gastrop# I 
corals and trilobitcs) l.iy in distinct coiicentnc b(^ 
parallel with the shore. ; 

Nearest the shore lay a L/i/yii/rt palaeocommin^ ■ 
with abundant small rhynchonellides (protai^ 
Sle}>i’rliYih'htis or Roslricetluhi) and Liii/^ida. The lift ^ 
from-shore Hoau’lia palaeoconimuiiity had 
rhynchoncllides (Eocodia) but a more diverse 
of other brachiopods. In the EfHr.irHcnu palacocj ^ 
munity which lay farther out the cponyinom iru 
dominated all others, often reaching a large V 
specimens arc sometimes found in life position, h 
large Costisirickliitidiit was the most ahutulaitt b 
chiopod in the penultimate p.ilaeocimimHl| 
though sm.iller brachiopods were also inipurtantii ' 
the outer-shelf Chrinda palaeocomiiiuiiitv tli,‘ 
wxre at least a dozen genera of relatively sinill!" > 
chiopods, so that it was the most diverse coiiinii^ 
of all. Beyond this lay an area of graptolitic H ' 
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fiwre 7.18 Generalized pattern of facies relationships and substrate preferences of Ordovician brachiopods through time: coarse 
jiistrates are on the left, with a predominance of ribbed brachiopods; fine substrates are on the right. (Redrawn from Lockley, 1983.) 
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Figure 7.19 Poloeogeography and brochlopod palaeocommunilies in Wales in the early Upper Llandovery, showing illustratiomd i 
the brachiopod genera defining the paloeocommunities. (Largely redrawn from Ziegler et al., 1968.) 


accumularin^ in a dcepcr-watcr environment. 
Similar palacocommumtics have been found in 
rocks of the same a^e in other parts of the world, 
and in some cases they seem to be equivalent to 
those defined by Ziepler et al. (1968). 

The examples of Ziegler et al. (1968) show a rela¬ 
tively straightforward pattern of distribution in nar¬ 
row bands which were largely independent of 
substrate and parallel with the shore. This seems to 
suggest that the distribution pattern is in some way 
related to depth of water. Depth alone, however, 

I has been generally regarded as a rather elusive factor 
' whose influence on sediments or animals is indirect. 
It is not depth as such that is a primary control, but 
certain important factors that vary with depth. 


including pressure, water turbulence, salinity, sub*' 
strate and food supply. Temperature, howcvti, 
which decreases in deeper water, according to 
Boucot (1975), may be the most important of ail 
these variables. 

Where other Silurian brachiopod palaeocoiiniiui 
ties have been described, however, such as tht 
Ludloviaii assemblages ofLawson (1975), it is less easy 
to assess the controls of distribution. Lawson, suggest 
ing that substrate may be more important than depdi 
in some cases and noting diat bracliiopods belongiDf 
to different associations may have varying tolcrantt 
ranges, rejected attempts to impose the simple patten 
exhibited by the Upper Llandovery palaeoconniiuiih 
tics on otlier kinds of assemblage. 


Ungula sp 


tocoeha cuftisi 
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Devonian brachiopod assemblages 
A primary task for palacoccology is to try to intc- 
jtJtc the existing bulk of data on Palaeozoic assem¬ 
blages and to establish bow they have evolved in 
Joctii.tting environments through time. This work, 
411011111}; that of Bretsky (1969) and Boucot (1971), 
jpmisi's well, but the major hazard encountered is 
m detennining the environmental equivalence of 
disjunct a.ssociations which replaced each other in 
tinic but which may have few characters in com¬ 
mon with their precursors. 

The major work of Boucot (197f>) has shed much 
bghfon this topic. He undertook a large-scale study 
d' Siluro-Dcvonian brachiopod distribution, pri- 
'•nunly to asse.ss the size of breeding populations (in 
tcrnis of the areas they occupied) and so to deter¬ 
mine how rates of evolution and extinction varied 
in populations ofditferent sizes. He was able to con- 
limi the predictions of population dynamicists that 
twlution would be rapid in smaller populations and 
jjwulated a complex senes of biological and physi- 
til controls over extinction events. 

In establishing a ‘standard community frame- 
Mirk' for this study, Boucot redefined all known 
Ordovician to Devonian palaeocommunities in 
Itnn' of benthic assemblages (BA.s). A benthic 
IMeniblage is ‘a group of communities occurring 
jtpMtedlv in the same position relative to a shore- 
bnt’. According to Boucot, these were probably 
mntrulled by water temperature, decreasing with 
dtptli. Boucot thus regarded the Litis>iila through 
Climnrfii ‘communities' of Ziegler cl nl. (see Silurian 
J^uconiniunities above) as BAs 1-5, zoned 
iccordiiig to distance from shoreline. He also 
itliiicd a sixth BA lying seawards of BA 5. He w'as 
ible to relate all known Ordovician to Devonian 
ttcmblages to a system of six BAs, though the com- 
'fonents might vary laterally depending on water 
Ilirbulence. Separate quiet and rough water assem- 
Higes could be distinguished in most of these BAs. 
Absolute depths for BAs have now been investi- 
|V(d using several lines of evidence, and BAs 1-4 
itt now believed to lie within the photic zone 
jNiO ni), and possibly all or part of BA 5 too (Brett 
.m., 1993 ) 

The composition of BAs changed through rime, 
siten abruptly. Where there were reefs, with their 
hgely endemic and rapidly evolving populations, 
•Jity were usually associated with BAs 2—3. 
fcagning a given brachiopod association to a partic¬ 


ular BA may be difficult where there has been an 
abrupt faunal replacement so that there is no conti¬ 
nuity with former associations. However, where 
neighbouring associations have not changed, then 
the assemblage in question may be ‘bracketed’ 
between them and so referred to its correct BA. If 
an unknown association lies between BA 3 and BA 
5 it is probably BA 4, even though it is disjunct. 

Siluro-Dcvonian chonefciceans, as distributed 
within benthic assemblages, show a clear relationship 
between morphology and environment (Rache- 
boeuf, 1990). Chonetaceans were not uncommon in 
the Silurian, but with diversification of environments 
in the early Devonian they underwent a major radia¬ 
tion. Various adaptations in shell shape and the devel¬ 
opment and distributions of hinge spines have been 
directly related to bathymetric gradient. 

Boucot’s model of benthic associations is so far 
only a provisional step towards the integration of 
‘palacoconimunity’ data and the interpretation of 
this ill environincntal and evolutionary teniis, but it 
provides a necessary framework for future develop¬ 
ments of community studies in Palaeozoic bra- 
chiopods. 

Permian reef associations 

In western Texas, Southeast Asia and Sicily there are 
immense reels of Permian age composed mainly of 
algae, bryozoans and sponges. The Capitan reef 
complex of western Texas is the best known of 
these. It marks a late stage in reef development, 
foniiing a giant bamer reef round the margins of 
deep-water basins which it encircled; these had only 
a narrow outlet to the sea on the west. Behind the 
reef lay large salt Hats: evaporating pans in which 
dolomite, gypsum and anhydrite were deposited in 
sequence away from the reef as the water became 
progressively more hypcrsaline. These were replen¬ 
ished by sea water washing over the top of the reef 
The reefs arc not especially fossiliferous and contain 
only localized developments of brachiopods, in 
pockets of low diversity. Prior to the development 
of the great algal reefs, numerous smaller reefs or 
biohemis grew in somewhat deeper water. These 
patch reefs, best exposed in the Glass Mountains, 
grew up to 8(1 ni high, though they were usually 
smaller and are abundantly fossiliferous, containing 
some of the most highly modified brachiopods ever 
to have lived (Grant, 1971). 

Most of tlie Permian biohcrmal brachiopods are 
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of relatively normal fonii; the majority were pedi¬ 
cle-attached and able to exploit several different 
habitats within and peripheral to the biohenn. 
Other kinds were definitely ‘anti-reefal’ and lived in 
the flat sediment between the reefs. Others again 
were confined to the reef often being of conical 
font! with long tubular spines fomung an interlacing 
meshwork which contributed to the reef fabric. 
These rather coral-likc brachiopods were all modi¬ 
fied strophalosiid productides in which the conical 
pedicle valve was cemented in the early stages, and 
had tubular spines, as in ClwHostcgcs (q.v.), which 
held them up. Such spines scenes to have provided 
an ‘evolutionary springboard’ for their possessors. 

Some biohenns were composed largely of 
Ikichthofeniidae (e.g. Cosdnitrici and CychiaiHrluiriir, 
Fig. 7.17g,h). These have long, pointed pedicle 
valves supported by tubular spines. The brachial 
valve IS reduced to a thin, flat, horizontal plate 
recessed well within the pedicle valve; it could open 
to or so and had a protective grille of spines or 
meshwork above the opened valve. Kudwick 
(I9f)l) made a working model of one of these and 
showed that the brachiopod could have generated 
strong currents, bringing in fond and flushing out 
the mantle cavity simply by rapidly flapping the 
brachial valve using the adductor and diductor mus¬ 
cles alternately. 

Though this interpretation has been criticized by 
Grant (1972) — on the grounds that the known 
structure of the large prycholophe in the I’ennian 
productides (Fig. 7.17a—c) would make this 
unlikely, and that the brachiopod could have fiinc- 
tioned perfectly well without such a valve-flapping 
mechanism — the possibility still remains that the 
richtofeniides could have used flapping valves to 
supplement or replace ciliary pumping as a means of 
collecting food. 

Some other I’cnnian productides (Gcmellaroia and 
Lcpiodiis (= Lyiioiiui) arc even more peculiar and 
although the functional morphology of some of 
these peculiar fonns may be open to question, surely 
KudwHck is correct in saying that these adaptations 
‘bear witness to a degree of plasticity unparalleled at 
any other time in brachiopod evolution'. 

Mesozoic brachiopod associations 
In many instances there seems to be a broad and 
general correlation of brachiopod shell form with 
environments. It was recognized long ago, for 


example, that Lower Palaeozoic orthides with 
coarse ribs preferred arenaceous environments, and 
there is a general tendency in the Mesozoic for sim¬ 
ilar anatomical features to occur in unrelated stocks 
in similar enviromnents. Ager (1965, 1967) showed 
how Mesozoic brachiopods can be related to seven 
main biofacies, and the nature of the substrate seems 
to have exercised a dominant control over dismbii- 
tion. Thus there are characteristic assemblages from 
(1) very shallow water, coarse sediments, (2) 
sand-grade shelf sediments, (3) pen-recfal sediments. 
(4) rocky bottoms, (5) mud-grade shelf sediments, 
(6) fine-grade, probably bathyal sediments and (7) 
epiplanktonic brachiopods. Consequently, any 
assemblage from very shallow waters generally 
includes rhynchonellides with coarse ribs and larijc 
pedicle openings supporting stout pedicles, as well as 
terebratulides with sharp commissure folds. A quite 
different assemblage was to be found in ‘pen-reefaF 
environments, with large asymmetrical rhynchoncl- 
lides and terebratulides with elongated beaks. Sonic 
peculiar brachiopods, e.g. the perforate Pyco/ir, were 
confined to calm, deep seas, whereas small 
thin-shelled rhynchonellides were evidently epi¬ 
planktonic. 

One well-studied section in the French Jura, for 
example, has four successive rhynclionclluls, 
Rltactorbynchia at the base, associated with ree6, 
Acaiithorhiris of nomi.il bcnthonic habit and found in 
sands, Ltuuiwsella, associated with sponges, and at 
the top the isolated Ai-aiithorhyiuhia, which occurs in 
clays and w.xs probably epiplanktonic. Likeww, 
other rhynchonellids from different stocks illustrate 
homeomorphic convergence in adapting to reefilor 
peri-rccfal habitats. 


7.7 Faunal provinces 


The global distribution of brachiopods is most fiilly 
documented in the Lower Palaeozoic, which is lu 
any c-tse that part of the gestlogical column whert 
they arc of greatest stratigraphical value and wherr 
they show an instructive parallel with contempory 
neous trilobitcs. 

The most recent summaries are by Boiicot (1975! 
and Cocks and Fortey (1990). Data on brachiopnd 
distribution are consistent with those from trilobite 
and graptolites. and fit in well with inodca 
palacogeographical reconstructions (Scotese iiiil 
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McKerrow, 1990). In tlie early Ordovician die large 
Gondwanan continent (Soiitli America, Africa, 
idagascar, India, Antarctica and Australia) 
:cnded from the South I’ole to some .^0'’N. 
Bjlnca (Scandinavia and western Russia) lay out¬ 
board. between 30 and hO^S, as did Avalonia 
(England, southern Ireland and eastcni 
Newfoundland). The large Laurentian continent 
(North America, western Newfoundland and 
^-Scotland) sat astride the equator, as did the indepen- 
iknt landmasses of East Asia and Siberia. 

As discussed earlier (Chapter 1), the primarv' con¬ 
trol of distribution of tod.iy's shelf-living faunas is 
Binpcrature, though the relative isolation of the 
continental Luidmasscs also has a significant role. 
,.Thf same controls operated in the past, and the 
(known distribution of Ordovician brachiopod fau¬ 
nas is fully consistent with them. Thus there was an 
(early Ordovician fauna of endemic lingulates and 
Jinarticulates occupying cold polar waters, later 
^joined by dahnaiiellids. (This occupied the same 
waters as the contemporaneous calymenaceaii—dal- 
tnaiiitaceaii trilobite province.) Likewise the low- 
latitude are.as of Gondwana carried their own 
J endemic brachiopod faunas, and so did Haltica and 
die freely floating continents strung out along the 
cijuator. The ‘subpolar’ Ordovician faunas of west¬ 
ern South America, North Africa and Europe (west 
Gutidwaiia) can be distmguishetf from those of the 
I mote tropical “east Gondwana', namely Australia 
Hid Southeast Asia. Speciali/ed deep-water faunas, 
such as the later Ordovician l•oliollU'lla fauna, of 
[ small thin-shelled brachiopods colonized outer-shelf 
nutgin sites. 

By the later Ordovician brachiopod faunas 
became somewhat less provincialized due to the 
closer approach of the continents, though there was 
mil high cndemicity in places. 

At the end of the Ordovician an ice sheet, which 
k'cnis to have existed in polar regions (west 
Gondwana) from the early Garadoc, expanded sig¬ 
nificantly. Associated with this is the Hirnanlia fiuna 
(discussed in full by Rong and Harper, 1988). 
Typically this consists, as m Europe, of only a very 
ftw genera, though there is a steep biogeographical 
gradient towards Ghina, which was more tropical, 
and the diversity of Hinuuitia faunas is appreciably 
higher. This latc-Ordovician (Himantian) glaciation 
did much hann to br.achiopods, as to the other fiu- 
nas, and collectively the biotas recovered slow'ly. 


Silurian brachiopod faunas recovering from this 
decimation became cosmopolitan, though two new 
provinces arose, one cliaracterized by Clarkeia 
which became established in South America, and 
the other with Atrypclhi which arose in the fonner 
USSR, Greenland and western North America. 
LDuring the Devonian there was further provincial 
differentiation, resulting eventinilly in five faunal 
provinces which have been fully documented by 
boucot (1975). 

Ilie striking parallels between trilobite and bra¬ 
chiopod distribution in the Lower Palaeozoic shows 
how palaeobiogcography can be a powerful tool in 
timetabling major global events and constraining 
plate tectonic models. 


7.3 Sfrotigrophicat use 


Many brachiopod genera and species are relatively 
long-ranged and thus of limited value in correlation. 
T his is particularly so with Mesozoic brachiopods, 
which though sometimes useful on a local scale are 
of less stratigraphical applicability over wider areas. 

In the Palaeozoic, however, brachiopods have 
proved of much greater value; together with trilo- 
bites they are the primary stratigraphically useful 
fossils in the shallow-water facies of the Ordovician, 
brachiopod .issemblages are, of course, very much 
controlled by facies and, on a global scale, by realms 
and provinces, but correlations at the stage level 
based upon cesneurrent brachiopod ranges within 
provinces can be very good. Thus stratigraphy and 
structure in the Caradoc rocks of the Girvan district 
of Ayrshire, Scotland, have been correlated by 
reference to the standard continuous brachiopod/ 
trilobite-bearing series of Virginia, Alabama and 
Tennessee, both areas being part of the Scoto- 
Appalachian province of the American realm. 

So successful h.is this stratigraphical work been 
that a case can be presented for using ‘hybrid’ strati- 
graphical tables in areas such as the british Isles, 
where the incursion of ‘American’ fonns at a partic¬ 
ular period in time allows the recognition of zones 
and stages originally defined in the United States. 

There is now a good correlation between the 
stages of the Ordovician and Silurian shelly facies 
and concuri'ent graptolite zones; indeed there arc 
seven Caradoc stages in England and Wales for only 
two graptolite zones, indicative of a fine refinement 
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of correlation. The American shelly facies stages are 
less finely drawn but still good. However, such cor¬ 
relations are still more finnly based in some parts of 
the world than in others. 

In the Carboniferous, brachiopods have been of 
some stratigraphical value when combined with 
corals in the zones erected for the Lower 
Carboniferous m England by Vaughan and 

Garwood (I'^ld). Though still valid, these zones arc 
now supplemented by stratigr.aphical work using 
microfossils, which gives a more precise correlation. 
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Molluscs 


The MoUusca are one of the most divenc of all mvcr- 
! (ebrate phyla and include a whole range of animals, 
Ihngand fossil, which at first siglit seem to be so dif¬ 
ferent as to be unrelated. T’lie important groups 
include the curious plated chitons (polypla- 
Itophoraiis), the slugs and snails (gastropods), tooth 
Aclls (scaphopods), bivalves, their possible progeni- 
lon (the extinct rostroconchs) and finally the most 
•tomplex and highly organized of all molluscs, the 
.tcphalopods, which include the modem squids, cut- 
tlcfi.sh, octopuses and pearly nautilus, and the fossil 
Wimonoids and belemnitcs. Molluscs arc mainly a 
narine phylum, and only a few bivalves and gas¬ 
tropods have been succcsstiil in fresh water. Only one 
[TOup of gastropods, the pulmonates, was ever able to 
nuke the transition from sea to land. The diversity of 
iffcreiit kinds of molluscs is extreme, yet they arc all 
aiitcd by a common ground plan, and the same basic 
Buctures are to be found in all molluscs, however 
much they have become dift'erentiated. 


8.1 Fundamental organization 


It IS probably simplest to consider the frindamental 
Otganization of molluscs with reference to a hypo¬ 
thetical archiniollusc in which all the basic features 
ofmolluscan structure are present, though not par- 
Dcularly specialized in any one direction (Fig. S.l). 

While this way of presenting such concepts may 
be out of fashion at present, I continue to use it 
mcc most students find it helpful in understanding 
iecomplexities ofmolluscan anatomy. This hypo- 
ittical moUuscan ancestor has close similarities to 
the chitons and an even closer resemblance to the 
■odern liinpet-like primitive mollusc Neopilina 
iFig. 8.2), which was unknown until 1953 when 
■iiiy specimens were dredged from the deep sea 
iinngthe Danish ‘Galathea’ Expedition. 


Neopilina is a member of the moUuscan Class 
Monoplacophora, wliich has fossil representatives 
known from the Cambrian to the Devonian. The 
discovery of tliis ‘hving fossil’ has been of the great¬ 
est interest, especially since, contrary to expecta¬ 
tions, it shows traces of segmentation. 

The structure of the archimoUusc is quite simple. 
It has a cap-hke shell secreted by a layer of tissue 
known as the mantle. Below this is the body with a 
mouth at one end and anus at the other, the latter 
discharging into a posterior space, the mantle cav¬ 
ity, in which also reside the gills. 

Ill other molluscs this structure us modified in dif¬ 
ferent ways. Most molluscs have an e.xtemal shell of 
calcium carbonate, though this has been lost in var¬ 
ious gastropods, particularly the marine nudibranchs 
and the terrestrial slugs. In squids and cuttlefish, as 
well as in the extinct belemnitcs, the shell has 
become modified as an internal skeleton, and in the 
octopuses it has been entirely lost. Where the shell is 
present it is always secreted by the mantle, which 
directly underlies the shell. Throughout growth cal¬ 
cium carbonate is added to the edge of the shell 
from the mantle. In most molluscs this mantle 
consists of only a few cell thicknesses, but in the 
cephalopods it is greatly thickened and supplied 
with powerfiil muscles. The mantle cavity is a con¬ 
stant feature of all molluscs and (in different mollus- 
can classes) has been put to various uses. The gills, 
whose primary fimetion is respiratory exchange, are 
present in all molluscs c.\cept the land gastropods 
(pulmonates), where the internal surface of the 
mantle is higlily vascular and is modified as a lung. 
In the bivalves the gills arc not only respiratory but 
also adapted for the gathering of su.spended food 
particles from the water. The mantle cavity has both 
an inlet and an outlet to the sea through which 
waste material from the anus discharges, as well as 
respired water. This outlet has also undergone a 
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Figure 8.1 Morphology and relationships of molluscan classes with reference to a 'hypothetical archimollusc' 


dift'crcnrial modification, most markedly in the 
cephalopods where water, taken into the mantle 
cavity and squirted out as a jet through a funnel, is 
the primary means of propulsion. 

Above the mantle cavity in all molluscs is the vis¬ 
ceral mass, which contains the gut, digestive glands 
anil kidneys and the nervous, circulatory and mus¬ 
cular systems. These too, in structure, arrangement 


and physiology, have most features in comnm 
Such then is the fundamental plan of nuilluia 
organization, but why should mollusa hut 
diverged from it in so many directions? It scrnoihi 
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mouth 




foot 




anus 



hgure 8.2 Neopilino (Monoplocophoro): (o) ventral view, 
inmnng central foot and serially arranged gills (x 2 approx.); (b) 
dorsal view (x 11; (c) lateral view (x 1). |(a) based on an illustra¬ 
tor by Lemche in Treatise art Invertebrate Paleontology, Part I.) 



oplacophorans, chitons and most gastropods art- 
ill slow-moving molluscs vvhicli creep along on a 
mlar ‘foot’. They arc all provided with a radula, 
i belt of serially arranged teeth within the mouth, 
ibch fits them to be herbivores, carnivores or scav- 
;crs. Only the gastropods, of these three classes, 
bivc a well-developed head w-ith sense organs 
fhirh enable them actively to hunt. The bivalves 
ire mostly suspension feeders and less commonly 
Aposit feeders. They have no head, no jaws and 
itoimally only limited capacity- for movement. The 
(tphalopods, on the other hand, are fast-moving 
Iters; here the radula is used mainly in swallow¬ 
ing. but the cutting up ot food is done by the pow- 
miil jaws. The head, with its highly developed 
tense organs and wcll-organi 2 ed brain, the animal's 
fower of movement, its buoyancy devices and the 
itacular apparatus all evolved in accordance with 
lliis habit ot catching active prey. It is the mode of 
Imgthat has been at the root of molluscaii ditl'er- 
tion; this should be remembered when consid- 
mnp the structural plan of the vanous molluscaii 
lups. 


1.2 Ciassifkation 


An outline classification of the iiiaiii divisions 
ilhin Phylum Mollusca is as follows. 

|3ASS1. MONOPLACOPHORA (Camb.-Rcc.; Fig. 8.2): A 
jtif of pnniitivc manne molluscs with univaivcd limpct- 
It (hcDs (though unrelated to limpets proper, which are 


gastropods and distinguishable from them on the basis of 
muscle scars). They have paired, serially repeated muscles, 
gills, nephridia (excretory organs) as well as otlier internal 
organs. The foot is circular and central and ringed by the 
mantle cavity in which he the gills. Monoplacophorans are 
the only molluscan class with a true internal segmenta¬ 
tion, suggesting a zoological relationship with a segmented 
ancestor (but sec Chapter 3). Fossils such as Pilitta and 
TryhUdium are known only from the Palaeozoic. Neopiliiui, 
I'ema and a few other genera occur today mainly in the deep 
sea. 

CLASS 2. POLYPLACOPHORA (AMPHINEURA) (U. Camb.- 
Rec.; Fig. 8.3):Marinc molluscs, having a bilaterally symmet¬ 
rical sheU with seven or eight calcareous plates, but otherwise 
resembling the archetypal molluscan plan in having an 
anterior mouth with radula, a posterior mande cavity with 
anus and gills, and a ventral foot, Polyplacophorans are rare 
fossils but occur scattered throughout the Pliancrozoic, e,g. 
ChiUnt. 

CLASS 3. SCAPHOPODA (Ord.-Rec.; Fig. 8.4a); Manne mol¬ 
luscs with small tapering curving shells open at both ends. 
The anterior wider end with the mouth is pennanently 
embedded in sediment; the animals feed on small organistiis 
using specially adapted tentacles. The anus is at the upper end 
and the gills are much reduced. Recent species are more 
abundant th.m fossil ones and occur dominantly on the con- 
tincnul slope or shelt. The one detailed study so far made 
of the ecology of a tbs,sil scaphopod, the Ordovician 
Phtiw^lypla, suggests similar habits to modem fonus, e.g. 
Uentalium. 

CLASS 4. BIVALVIA (LAMELLIURANCHIA or PELECY- 
P013A) (Cain.-Rcc.): Bivalved molluscs or ‘clams' with no 
definite head, but having the soft parts enclosed between 
paired but unequilateral calcareous shells united by a dorsal 
hinge, which may be toothed. The valves can be shut by- 
strong internal musculature, and opened by the outward 
pressure of a springy' Ugament along the hinge when the 
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Figure 8.4 (a) o flattened hyolith, showing operculum and 

paired Helens |M. Com.; x 4), (b) Dentalium, o scophopod, 
reconstructed in life position (x 3). I(a| redrawn from Butterteld 
and Nicholas. Journal of Paleontology 70, 1996; (b) redrawn 
from Kershaw, Animal Diversity, 1983.) 

muscles relax. The gills arc large and modified for filter feed¬ 
ing, and the mande ca\nty may be connected to the outer 
environment by siphons. 

ClASS 5. ROSTROCONCHIA (L. Cam.-Penn.; Fig. 8.16): 
Extinct molluscs of bivalve-hke appearance but with one or 
more of the shell layers continuous across the dorsal margin 
so that a dorsal commissure is lackang. The juvenile shells are 
univalved and coiled 


ClASS 6. GASTROPODA {('am.-Rcc.): Snails of all kinds - 
marine, land and freshwater - which usually creep along oo i 
rtaaened ‘foot’. A true head Ls present with eyes and (idwi 
scn.se organs, and the single umvalved sheU is coiled, planispi- 
rally or more often helically. The intcnial organs are twisted 
by a 180" torsion so that the mande cavity fates atiteriotil*. 
Some secondarily shcU-less groups that have lost their toisim 
are known. Pteropoils are marine gastropods, adapted Sit 
swiinnung, in which the loot is prolonged into lateral wiiigi 
for life in the ocean. The tapering conical shells of these plank¬ 
tonic gastropods arc sometimes found in fossil form. 

CLASS 7. CEPHALOPODA (U. Clam.-Rec.): The mo# 
advanced of all molluscs, having extcni.il or internal cliani- 
bered shells with the chambers linked by a siphuiicle and pt- 
ing buoyancy. They have a properly defined head with 
elaborate sense organs, and move by jet propulsion of water 
from the mande cavity. The modem Nautilus, sguids and 
octopuses are here included, as well as anmionites. belcm- 
nitcs and some chambered Cambrian molluscs (Fig. 8..'i), 
extinct reladves of Nautilus. 

The above classification is conservative and soiiit 
authors would allow many more classes in the 
Cambrian. According to Yochelson (1979), for exam¬ 
ple, an early molluscan radiation in Cambrian nmci 
gave rise to a number of separate short-lived clissci, 
including many kinds of simple cap-shaped fonns (c,j 
HcldoncILr. Fig. 8.16e). These were subsequently dis¬ 
placed by more effective early representaaves d 
‘modem’ groups in a second, late Camhnan* 
early Ordovician radiation. The alternative vim 


septum 



Figure 8.5 Plectronoceras, an early cephalopod; (a) specimens from the late Cambrian of Shantung, China (x 3); (b) infetiM 
resksration of soft parts with shell partially removed to show montle cavity with gills. (Based on Yochelson etc/., 1973.) 
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(Runnegar, 1996) suggests, however, that the small 
Cimbriati mciUuscs do not pertain to extinct classes, 
but arc early representatives of extant groups. Thus, 
cording to this perspective, nionoplacophorans, 
[bivalves, gastropods and rostroconchs can be traced 
' hek to the early Cambrian while cephalopods, 
iJjophopods and polyplacophorans, in the light of pre- 
lent evidence, do not seem to appear until the latest 
'Cambnan or c;irly Ordovician. The morphological 
tvideiice seems to favour die latter view but, since 
these early Cambrian molluscs are tiny, inconspicuous 
and of low diversity, still relatively litde is yet known 
I about them. Towards the end of the Cambrian dierc 
I Kcnis to have been a major (and if the early Cambnan 
[origin of at least some niolluscan classes is allowed) 
g-delayed radiarion, coupled with a dramatic 
increase in size. It was this that led to the forceful 
^laablishnieiit of the doniuiant niolluscan groups 
which became tlien so important. The two models are 
igiecd on the importance of the late Cambrian—early 
(lllrdovician radiation — the difference is in w'hether 
1 the molluscs of this time belong to newly established 
Idasses or are simply new, large members of ancient 
ftneages. Of these various classes only the bivalves, 
opods and cephalopods are common and impor- 
1 tmi fossils and will be treated in some detail. Some 
fittention is also given to the Kostroconchia; however, 
! the other three classes are rare fossils and will not be 
Itbicussed further. 


8.3 Some aspects of shell 
morphology and growth 


Since the shell is the only part of the mollusc nor¬ 
mally to be fossilized, certain aspects of shell shape 
should be first considered. 


Coiled shell morphology (Fig. 8.6) 

Although some moLluscan shells are simply straight 
tubes or cones, very many others, whedier bivalved 
or univalvcd, are coiled. This coiling is most evident 
in gastropods and cephalopods, but even the indi¬ 
vidual valves of a bivalve shell are coiled; the ‘open’ 
side of the valve, which in life encloses the viscera, is 
analogous to the aperture of other coiled shells. 
Leaving aside for the moment the highly modified 
shells of bclenmitcs and squids, it is not hard to see 
that most coiled molluscan shells are simply hollow 
cones rolled up on themselves to a gre.ater or lesser 
extent. In such rolled-up cones, which grow at the 
apertural end only, there arc very interesting math¬ 
ematical properties, for the coiling, represented by a 
line traced along the edge of the shell from the 
first-formed part (protoconch) to the aperture, 
invariably has the form of a logarithmic or 
equiangular spiral. d'Arcy Thompson (1917) m.iy 


(a) axis ot coiling 
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|ufB 8.6 Tbeoretical morphology of the coiled shell: (o) schemoHc diagram of part of a helically coiled gastropod shell; (b) com- 
r-iimulated shell shapes derived by varying various geometrical parameters D, T and W; (c) a meoreticol but non-functional shell 
! not adopted by any molluscan group. (Based on Roup, 1966.) 



202 Molluscs 


be quoted here; 'it is peculiarly characteristic of the 
spiral shell that it docs Tiot alter as it gruws; each 
iiicrenieiit is similar to its predecessor, and the 
whole, after each spurt of growth, is just like what it 
was before’. Hence the spiral shell can accrete new 
material at the one end only without changing its 
shape. In an ideal shell (such as that of Niuililm) of 
radius r, the equation of this spiral shape is r = ii6 
where ii is a constant and B is the whole angle 
through which the spiral has been traced. 

The useflilness of this way of growing is undoubt¬ 
edly the reason for its adoption by so many living 
organisms - in the shells ot brachiopods and molluscs, 
in the foraniinifends, in the lionis of inanunals, and 
even in the eyes of trilobites — where the abUity to 
grow at one end only without changing fonn has 
been important. 

Nevertheless, in nature coiled shells often only 
appro.xiiiiate to the ideal mathematical fonn, and 
often it is the departures from the hypothetical that 
are of the greatest functional interest. In aimnonites 
(fossil cephalopods) there may be several minor 
changes in the spiral angle throughout growth, and 
not all parts of the ammonites necessanly obey the 
rules of the logarithmic spiral form. The spacing of 
the ribs on the shell is nothing to do with the 
growth of the spiral and may alter significantly at 
vanoiis periods throughout growth, whereas the 
aperture is often peculiarly contracted. 

Following d’Arcy Thompson’s e.irly studies, the 
theoretical morjshology of the coiled shell has 
attracted considerable attention. The best-known 
recent studies arc those of Kaup (1066), who used a 
computer-based graphical method to produce vari¬ 
ous kinds of hypothetical coiled shapes and was then 
able to see how many of these possible types had in 
fact been adopted in nature. He was able to generate 
a large number of ideal shapes using only four para¬ 
meters in the programme; the shell shapes were pro¬ 
jected on an oscilloscope screen. Taking the example 
ofa helically coiled gastropod (Fig. 8.6a), and allowing 
that its shell is no more than a hollow cone growing 
at the apertural end .ind coiling about a vertical axis 
as it grows, these parameters are as follows. 

The shape of the tube in section, otherwise 
known as the shape of the generating curve 
(effectively equivalent to the shape of the aper¬ 
ture). In the example illustrated here it is circular, 
but the apertural shapes of gastropods usually 
depart from this form. 


The rate of whorl expansion (II) after one revo¬ 
lution. In the diagram ll'= 2, since the diameter 
of the rube after a single revolution is nvicc wlui 
it was one whorl before. 

The position and orientation of the gencratiiijs 
curve with respect to the axis (D). In our cxaitipk 
the circular tube is separated by a constant At- 
tance from the coiling axis, equal to half its own 
diameter; this is D. 

The rate of whorl translation along the axis (11, 
i.e. the relative distance between successive revo¬ 
lutions along the axis as compared with awn 
from the a.xis. 

Ill some of Raup's models the parameters were ktp 
constant; in others one or more of them were nink 
to change as the model w'as being generated (Rf 
8.6b). I'hus a gastropod with an increasing II 
would have a concave lateral surface. In general tht 
coiled shells of any one molluscan or othct 
shell-secreting group cannot readily be confiiwd 
with those of others. They evolved to ditfew 
ftinctional cuds. Thus gastropods arc usually heb- 
cally coiled and tend to have a low 11', but Tisven 
vanabic and may be extremely high, giving vtn 
long, thin, high-spired shells. In bivalves T is lo» 
and II ’very' high, whereas in brachiopods ll'isagiif 
high but '/’= 0. Both these shells have vm 
expanded apertures. Cephalopods arc nomially plani- 
spiral; IT is never nomially high and T — (t. Ueciw 
of the difference in W berw'cen cephalopods iid 
brachiopods there is no overlap in shell shap 
between them, though some plamspiral gasuopoiii 
are approximately et]uivalcnt m shape to coilrf 
cephalopods. What makes such differences in tin 
fonn of many planispiral and helical shells i.s, hnn- 
ever, the shape of the generating curve, i.e. thenik 
in cross-section. In lunmonites, for instance, thedup 
of cadicone shells (Fig. 8.2.S) contrasts marknih 
with that of a compressed platycone, yet it is onli 
really this parameter which is radically different. 

Of all the possible shell shapes that Raiip wasiifi 
to generate, tmly relatively few have been foiinili' 
be useftil biologically, and similar .shell shapes lut 
been adopted time and time again within the group 
that bear them. The other types (e.g. Fig. 8.6c) hix 
not been able to be put to useftil functional piirpiw 
and so are rarely, if ever, found in any living or W 
group. 

A new approach is Okamoto's moving-ftgflt 
method (Savazzi, 1990). Here the direction ju, i 
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amount of growth arc defined relative to the current 
position of the shell aperture, rather than a fixed rcf- 
nence frame as used by Raup. This method can 
generate various kinds of surface sculpture, and siin- 
' olatcs more directly the biological processes 
^flivolved in shell growth and morpihogenesis. 


Seplation of the shell 

There is a fundamental distinction between those 
(hells of molluscs which are divided by internal 
™mtions (septa) and those which are not. 
Ccphalopod shells are always septate, whereas those 
ol bivalves and most gastropods are devoid of 
«pta, as are the shells of the Polyplacophora and 
kaphopoda. But there are some gastropods, living 
ini! fossil, which do have septa in the upper part of 
the shell, and they are not uncommon. There is, 
however, a great dilTerence between gastropod and 
Ctphalopod shells, in that cephalopods always have a 
ttbular siphuncle running through all the septa and 
connecting tlic chambers; this structure is intimately 
Connected with the buoyancy of cephalopods both 
IKCiit and fossil. Gastropods do not have such a 
Stuctiire, and their viscera normally fill up the 
whole of the inside of the shell, except in the septate 
fetms. 

Some high-spired C’ambnan monoplacophoran 
Ms have been desenbed which have septa 
Ifochelson cr ii/., 1973); these closely resemble the 
4elh of the earliest known cephalopods of the 
pius [Hectronoceras (Fig. S.5a), which comes from 
ihf Upper Clambrian of China. Plcaromccms, how- 
o'ct, IS 'siphunculate', whereas the monoplacopho- 
fins arc not. It is quite possible that the earliest 

| “'■•'opods were derived from septate monopla- 
rans, the first fonns being bortom-crawling as 
nr ancestors; the later ones, which rapidly 
:d means of buoyancy (effected by the siphun- 
id propulsion, were able to exploit the vacant 
niche, which was hitherto closed to molluscs, 
ninatcly, the fossil record gives no further evi- 
ofhow this remarkable transition could have 
place; nor is there evidence from comparative 
ny and embry'ology. As is commonly and 
itingly the case in attempting to unravel phy- 
ics, the intriguing intermediate fonns were 
V superseded and have left no trace of their 
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Class Bivalvia 

All bivalves have a shell consisting of a pair of cal¬ 
careous valves between which the soft parts of the 
body are enclosed. Unlike the brachiopods, which 
arc also bivalved, they are very abundant and diverse 
today, and most shorelines are littered with their 
dead shells. The majority of bivalves are marine; 
most arc benthic and live infaunally or epifaunally. 
Some genera have succcssftilly colonized freshwater 
habitats. The earliest known genera, such as h'ordilhi. 
arc Cambrian, but bivalves only became diverse in 
the early Ordovician. They arc, however, generally 
of relatively limited abundance in the Palaeozoic 
except locally. It was not until the wake of the 
Pennian extinctions that bivalves moved from 
their original nearshore habitat to the offshore shelf 
regions fonnerly inhabited by brachiopods. 
Thereafter, in the Mesozoic, they became much 
more common, as did the gastropods, and from the 
early Tertiary onwards they have come to dominate 
the hard-shelled shallow-marine fauna. The name 
Bivalvia was originally given by Linnaeus m 1758, 
adopted from the usage ofBonnani in 1681, but for 
rather complex historical reasons the later terms 
Pelecypoda and L.anicllibranchia have been more 
commonly in use. There is much to be said, how¬ 
ever, for suppressing the two latter names both for 
ta.xonomic correctness and to avoid contusion. 

Cerastoderma (Fig. 8.7) 

The modern cockle Ccrastoihmin cdiilc (Subclass 
Heterodonta, Order Veneroida) is an infaunal bivalve 
which lives in the intertidal zone in European and 
other waters. It Ls still sometimes referred to in the 
literature as Cardiutn cdule though, since its mor¬ 
phology departs too greatly from that of the type 
species of Ciudiuiii originally described by Linnaeus, 
the genus Cerastodenna has later had to be erected for 
it. 

C. cdiilc inhabits a burrow a few centimetres 
deep, in which it hves with its two valves joined 
dorsaUy by a hinge, with the line of closure (the 
coimnissurc) being vertical. The two valves are nor¬ 
mally slightly open, allowing the muscular axe¬ 
shaped foot to protrude between them anteriorly 
and the siphons connecting the animal with the sur¬ 
face to project backwards and upwards. 
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Figure 8.7 Cerastoderma edule, a Recent infaunal heterodont bivalve: (a) posterior view of intact shell; (b) interior of 1^ valv»^ 
right lateral view of living animal in life position with shell partially removed to show soft parts; (d) vertical section of living aninfl' 
(e), (f) cardinal region oReft and right valves, respectively. I 


Shell morphology and orientation 
The two valves on citficr side of the commissure are 
virtually mirror images of each other; they are said 
to be cquivalvcs. An intact Cerastodenna when 
examined Irom either end appears heart-shaped, 
with the two valves symmetrical about the vertical 
commissure and their umbones close together and 
lacing each other. These umbones, as with bra- 


chiopods, are the early-fonned part of the shJ, 
From the side the valves do not appear syninicajiB 
but are inequilateral and somewhat lopsided. FtHf 
the umbones radiate 22-28 strong ribs, crossed If 
concentric growth lines which arc records of dx 
former positions of the edge of the shell. Tl{ 
umbones are set slightly towards one end of tiit 
shell, and it is this which is important in detcrauiaj 
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the orientation of the shell and which valve is 
«hich. In standard orientation for Curastodenna the 
smbones face anteriorly and arc closest to the 
smtenor end; this is typical of most thouj^h not all 
bivalves. If an intact Cerasiodvwia with both valves 
ptesent is held in the hand with the commissure 
*mial, the hinge horizontal and the iimbones 
^ircftcd away tfom the observer, the right and left 
jvilves are immediately distinguished. In this orien¬ 
tation the ligament, which holds the valves 
j (Bpther .md is instrumental in opening the shell, is 
|l!carcst to the observer and is thus posterior. 

I If cither valve is examined from the inside (Fig. 
l!.7b) the following internal features are observed. 

► A flattened vertical area (the hinge plate) bearing 
I teeth between which arc sockets corresponding 
I to the teeth on the other valve; these act as guides 
I ensuring that the two valves go exactly back into 
1 place when they close, making a secure and tight 
tit. Dentition in bivalves is of various kinds; in 
Cctastodcma the teeth are of heterodont type 
and fall into three groups. In Ccrastodcmu, 
directly below the umbo (Fig. 8.7e,f) are the large 
I cardinal teeth, two in the left valve and two in 
the right; the two sets of elongated and obliquely 
set lateral teeth he some distance away, bivalve 
dentition is very important in cl.issification and 
' identification and is considered in detail later. 

The ligament: a rubbery material connecting the 
two valves and holding them open. It lies in an 
elongated pit postenor to the umbo. The liga¬ 
ment IS rarely preserved when the shell has been 
dead some time. 

Two large ovoid smooth areas towards the ends 
ot the shell. These are the scars or attachment 
iites for the adductor muscles, which run 
between the valves and when contracted keep the 
ihell closed. 

The pallial line which joins the two adductor 
Kars and runs parallel with the edge of the shell 
Hid some distance within it. This marks the point 
of mantle attachment to the shell. In some 
bivalves, though not Cfraslodcrma, it also marks 
die transition between microstnictural shell types. 
'Though the pallial line of Ccraslodeniia is entire, 
many bivalves have a deep indentation (the pal- 
lial sinus) towards the rear of the shell. This is 
present only in genera with retractable siphons 
aid allows a pocket in which these can be tucked 


away in case of danger (Fig. 8.12). The pallial line 
has nothing to do with the adductor muscles as 
such; It is the line along which the inner muscular 
part of the mantle is attached. 

Internal anatomy 

The shell (Fig. 8.7c,d) is tonned by the mantle, 
which is analogous though not homologous with 
the mantle of brachiopods. There are three layers in 
the shell, all of which are secreted by dilTerent parts 
of the mantle. At its periphery the mantle fonns 
three folds, only the outennost of which is secretory 
and shell-forming. The middle fold is sensory, the 
inner one muscular. The outer part of the shell 
is a thin layer (the periostracum) made of 
dark-coloured tanned protein. In some modern 
shells this is thick and distinct and psrotects the cal¬ 
careous shell against damage and dissolution. Where 
it is fine and flexible it allows the manufacture of 
intricately sculptured shell morpihology and orna¬ 
mentation (Harper, 1997). In pteriomorphs it is 
vanishingly thin and is rarely preserved in fossils. It is 
fomicd by the outennost mantle fold at the shell 
edge and is the only shell layer to cross the dorsal 
margin, below this are two much thicker layers of 
crystalline calcium carbonate, fonned by deposition 
in a proteinaceous (conchiolin) matrix. 'T'he inner 
layer stops short at the pallial line. 

Within the shell the upper region is occupied by 
the visceral ma.ss and the lower by the mantle cavity. 
The mouth is set anteriorly and the anus at the pos¬ 
terior end of the mantle cavity. The large central 
foot is a muscular organ used in digging. The animal 
can alternately contract and expand it and thus can 
use it both to dig its way into the siibstratnm and to 
move horizontally within it. CTn either side of the 
foot the long filamentous gills hang down into the 
mantle cavit)'. Near the mouth two extra gill-like 
structures are found: the labial palps. These 
together with tlic gills are used in feeding. 

Since Cerustodenm lives as an infaunal suspension 
feeder protected within the sediment, it has to be able 
to maintain connection with the surface waters for 
feeding and respiratory exchange. This is facilitated 
by two large siphons wliich project upwards from 
the posterior end of the animal. Water is drawn into 
the shell through the inhalant siphon by the ciliary 
pumping action of the gill filaments. These verti¬ 
cal filaments fonn a comb-like structure lined with 
innumerable cilia, which beat in successive and 
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coordinated waves of movement and collectively set 
up one-way pressures, thus generating quite strong 
inward currents. The gills and labial palps not only 
generate the currents but also trap the food particles, 
by secreting a sticky mucus. The food particles 
adhere to this and are conveyed to the ventral edge 
of the gill or palp by the cilia. They then move in a 
line along this edge until they come to the mouth. 
Waste water containing carbon dioxide, exchanged 
by the gills, is taken away through the exhalant 
siphon together with excreta from the anus, which' 
is placed very close to the exh.alant siphon. 

The only other important structures within the 
shell are those connected with its opening and clo¬ 
sure. Ccnistoikmia, like other bivalves, has many nat¬ 
ural enemies, especially birds, gastropods and 
starfish, and its only defence against them is to with¬ 
draw the foot inside the shell and to keep the valves 
tightly shut for as long as possible. This closure is 
effected by the strong horizontal adductor muscles, 
which are both about the same size (the dimyarian 
condition) and attached to facing points on the 
intenial walls of the opposing valves. When the 
adductors relax the valves open automatically to let 
the foot out. forced apart by the ligament which acts 
like a compressed spring and whose effect, acting 
alone, would keep the valves pennanently open. 
Recently dead shells in which the muscles have 
decayed or been eaten may still retain the ligament, 
and the two valves still joined together are always 
found in the open position. 

Bivalves thus open and close their valves by an 
antagonistic muscle—ligament system, which is very 
effective but requires continu.il expenditure of 
energy when the shell is closed. The shell closure 
system may be contrasted with that of brachiopods, 
which operates on two sets of antagonistic muscles. 

Though there is no head in biv.ilves, there arc 
well-developed circulatory, excretory' and nervous 
systems, adequate for all their physiological needs. 
Cvrjstodcrma is very well adapted for life as an infau¬ 
nal suspension feeder. It h.is a high filtering rate and, 
having colonized the rather ‘difficult’ intertidal 
environment, is highly successful. 

Range of form and sfructure in bivalves 
Even though certain features of bivalve organiza¬ 
tion, such as the absence of a head, have limited 
their evolutionary potential, the range in their fonn 
and the adaptations that bivalves have undergone 


show a remarkable degree of inherent or actualized 
evolutionary' plasbcity. There are some features in 
the hard and soft parts that have remained fairly sta¬ 
ble since their origin. They have not altered mudi 
or have undergone only minor evolutioiian 
changes. Such characters are very useful in classifica¬ 
tion for defining the higher taxonomic categones 
they include shell microstructurc, gill moqiholugi 
and dentition, though the latter has on the whole 
been more variable than the others. Other charac- ( 
ters, however, including the overall fonn of the 
shell, the musculature and the presence and relative ( 
development of siphons and associated structiim j 
are more directly related to the bivalves' spccilii 
adaptations to particular modes of life and arc tliui i 
of more value at lower taxonomic levels. I 

j 

Shell microstructure and mineralogy (Fig. 8.8) 
The calcareous shells of bivalves are multilayeitd i 
and consist of two intermixed phases (Wilbui. ( 
1961): (1) an organic matrix and (2) crystalline cal- | 
ciiiin carbonate in the fonn of calcite or aragonitf. 
Oyster shells, for example, are made of calcite, 
though they have a thin aragonitic pad where the 
muscles are attached. Other bivalve shells are 
entirely aragonitic, but perhaps the majority hast 
different layers composed of calcite and aragonite. 
Vaterite, another fonn of calcium carbonate, ii 
reported from injured shells which the mantle has 
been able to regenerate. 

I'he two phases tend to be found in bivalves in i 
number of recurrent patterns, occumng in discrete 



Figure 8.8 Bivalve shell layer morphology as seen in thin ik 
tion: (a) simple prismatic; (b) compound prismatic, |c| sW 
nacreous; |dj foliated; (e) crossed lamellar with inset showif 
disposition of stacked aragonite lamellae; (f) homogeneiw 
(Based on Taylor and Layman, 1972.) 
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ihfU layers. Tlicse have been used in die unravelling 
(>fphylogenies. Six pninary types have been difl'er- 
iBKUtcd (Taylor .i/., 1969; Bathurst, 1975). 

Simple prismatic structure with columnar 
polygonal calcite or aragonite pnsms. 

Composite prismatic structure with tiny radi¬ 
ating acicular crystals. 

Nacreous structure in which tabular sheets ot 
aragonite are found resembling a brick wall when 
cut m section. These are usually found in middle 
I and inner shell layers. 

Foliated stnicture of lath-like calcitic cry'stalhtes 
arranged in sheets. 

Crosscd-lamellar structure wliich is normally 
angonitic. Here the shell is made of closely 
ipaccd lamellae, within each of which are found 
thin stacked plates oi aragonite, those of adjacent 
lamellae being inclined in opposite directions to 
one another. In some cases intergrowths of blocks 
ol crystals are found (complex crossed-lamel- 
lar structure) with four principal orientations. 
Homogeneous structure with small granular 
anhedral crystals. 

lilt all these, nacreous structure scenes to be phyloge- 
'itiifally the oldest, not only in bivalves but in mol- 
I'iiics generally; it is also the strongest, wliicli rai.ses the 
iindvcd question of w'hy the other types evolved if 
ihcv are less strong? Underlying tlie areas of muscle 
pjchnient there is a specialized region of irregularly 
Spniatie crystals: the myostracum. In Cerastodemui 
■ik calcareous part of the shell is two-layered, the 
outer layer being of crossed-lamellar fonn, the 
wier being complex crosscd-lamellar. A few 
IWlves, such as those of Supcrfuiiily Luciuacea 
iWhss Heterodonta), have three calcareous layers. 
iThcrc is some evidence that the type of shell structure 
[«auall\ present in biv;ilves may partially reflect their 
fcxlc of lilc. Thus crossed-lamellar, complex 
wsed-lamellar and composite pnsmatic shell layers 
Wr tlie highest hardness values but do not have 
(ocularly high compressive or tensile strengths. 
Biry are commonest in burrowing bivalves, in 
iliKh a good resistiincc to abrasion, but not nceessar- 
Ircsistance to bending stresses, would be useful. 

The nuncralogical differences in the shell may be 
«der ecological control; for instance, in the mod- 
JI 1 Supertanuly Mytilacea (Subclass Ptcriomorpha) 
Itpical species have entirely aragonitic shells 


whereas the percentage of calcite increases progres¬ 
sively towards cooler waters. 

Although shell stnicture and mineralogy are very 
useful in taxonomy, they are rarely preserved 
unchanged in older fossils. Tertiary' fossils may retain 
their original aragonite, but there are no known 
molluscs with aragonite which arc older than the 
Carboniferous. 

Gill morphology (Fig. 8.9) 

The structure of the gills is seldom preserved in fos¬ 
sils. but it is most valuable in taxonomy. The gills 
hang down into the iiumtle cavity on either side of 
the foot. In Order Nuculoida (Ord.-Rec.) the gills 
are protobranch, being small and leaf-like rather 
like tho.se of ampliiueurans and cephalopods. Their 
unmodified appearance and the fact that they occur 
111 a primitive group suggest that they are not far 
removed from the ancestral type. Filibranch gills 
fonn lamellar sheets of individual filaments in a 
W-shape, as do euiamcilibranch gills (occurring in 
Cerastodcniui), but in the latter there are cross-parti¬ 
tions joining the filaments and making water-filled 
cavities between them. The vast majority of bivalves 
have gills belonging to the latter two types. 
Septibranch gills, which are confined to a single 
superfamily of rock borers, the Foromyacca 
(Subclass Anomalodesmata), run transversely across 
the mantle cavity, almost enclosing an inner cham¬ 
ber which maintains only a small connection with 
the outer cavity. 



Protobranch Riibrsneh 



Eulamellibranch Saptibranch 


Figure 8.9 Bivalve gill morphology, four basic types shown by 
transverse sections: shells ore shown in block witn the foot pro¬ 
jecting centrally. (Redrawn from Moore et al., 1953 | 
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Figure 8. W Bivalve hinge lines and dentition (nat to scale): (a) Nucula (Tert.-Rec ), right valve (iiote that the umbones bee p<^ 
oriy), taxodont hinge; (b) Praeleda (Ord ), right valve, modified taxodont hinge, foot position intern 
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inferred; (c) Glycymeris (T^,-flet| I 


orly , taxodont hinge; |b) naeleao (ura.), rignr vaive, moameo ...w. 

right valve, taxodont hinge; (d) Mytilus (Rec.), right valve, dysodont hinae; (e) S^nMui (Cret.), right valve, 

Neotrigonia (Rec ), schizodont hinge; (g) Mya truncata (Rec.), desmodont hinge with chondrophore. [(b) Redrawn trom Brodihoii 
1970; (c) redrawn fram Woods, 1946,] 


Fossilized gills have been described in Upper 
Jurassic Tri)iotiia. Unsurprisingly, they are very like 
the gills of Neotri'^onia, living today. 

Dentition (Fig. 8.10) 

There are several kinds of tooth and hinge structure 
in bivalves of which the following can be clearly 
recognized. 

In taxodont dentition the teeth are numerous and 
subparallel or radially arranged, and in modem tax¬ 
odont bivalves such as Glycymeris and Area they arc 
all rather similar. Nucula and its relatives have tax¬ 
odont teeth, as do many ol the Ordovician 
bivalves, though in some of these there is quite 
considerable differentiation of the teeth. In the 
Ordovician palaeotaxodont genus Praekda, for 
instance, there is a posterior section with low 
ridge-like teeth and an anterior part with much 


larger ridge-like teeth, presumably allowing tht 
protrusion of a large foot below them which thty 
protected from above while the shell was open. 
Dysodont dentition consists of small simplt 
teeth near the edge of the valve, as in Mytilus. 
Isodont teeth are very large and located on cithtr 
side of a central ligament pit, as in S/wndi'k 
Such teeth are ch.iracteristic of one supcrfamilj| 
only, the Anomiacea (Subclass Ptenomorpha). 
Schizodont teeth arc confined to Superlanilp 
Trigoniacea (Subckiss Palaeoheterodonta, Orda 
Trigonoida); they are very large and have niaai 
parallel grooves normal to the axis of the toodl( 
In Trigonia the left valve has three teeth, the rigk 
has two. 

Most Tertiary and Recent bivalves have hti- 
crodont teeth, as exemplified by Ccrj.'iaiiffiMiJj 
Nonnally there arc two or three cardinal Icclli 
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^ below the umbo, as well as the elongated lateral 
I tcctli anterior and posterior to these. Heterodont 
dentition ran be traced back to the Ordovician, 
and it has been suggested that both the palaeotax- 
odonf and palaeoheterodont teeth in the 
bivalves of that time were derived from an ances¬ 
tor with nuiltiple-riilged teeth. 

Pachydont dentition occurs only in the peculiar 
hippuritid (rudistid) bivalves, which cement 
themselves to the substratum by a very large right 
valve of coral-like form. The teeth are very large, 

! hcavs and blunt. Evidently this peculiar dentition 
B directlv connected with the unusual mode of 
! life. 

Desmodont dentition is a common form of 
hinjte stmeture in which the teeth are very 
reduced or absent, but accessory ridges lying 
alon^ the hinge margin take their place, and 
often, as in Mya, a large projecting internal 
process (the chondrophore) carries the liga¬ 
ment. All bivalves possessing desmodont hinges 
are intaun.il suspension feeders. 

The great variety ofdent.il structure in bivalves con- 
fflsh strongly with the situation in brachiopods, 
fhere it is almost constant. 

Muscles and ligaments 

The ligament is a variable structure in bivalves and 
pi)' have two parts; one external and the other 
jPenial. The latter may reside in a pit between the 
wtli (e.g. in isodont shells) or may be supported by 
Ithondrophore (e.g. Mya). Either component may 
ie absent. 

Ctrastoikmia is an example of an isoniyarian 
|tivalve, in which the two adductor muscle scars are 
more or less the same size. Mytilus (Figs 8.1()d, 
^'I2hj) and other byssally attached genera, how- 
fver, have a greatly reduced anterior adductor (ani- 
umyariaii condition), ancT in the swimming 
Killop Pecicti (Fig. 8.14a) the anterior adductor has 
imishcd altogether and there remains only the large 
■onomyarian posterior adductor. 

Other shell structures 

Most bivalves have the umbones anterior to the 
ladline (prosogyral), but there are some opis- 
ihogyral genera with posterior umbones. Some 
Bvalve shells, whether proso- or opisthogyral, have 
miressed areas (the lunule and escutcheon) placed 


in front of and behind the hinge, respectively. Their 
function may have something to do with burrow¬ 
ing, but their presence and shape depend on how 
the shells grow. Nevertheless the Triassic IJiiia liii- 
cala (Subclass Pteriomorpha, Superfamily Limacea) 
apparently found a use for its lunule, as has been 
shown in some interesting ecological studies. This 
Lima, like its modem species, apparently rested in 
life with its lunule on the sea flocsr, as is apparent 
from the orientation of epizoic pectinaceans and 
other small organisms on the shells and from the 
position of the shells themselves when fossilized. 
Juvenile specimens of Lima are often found clustered 
at the anterior end of the lunule. They have been 
interpreted ()etTeries, 1960) as photonegative young 
which entered the dark space between the umbones 
of the adult and lived there for a while. There are no 
large juveniles in the lunules, however, and presum¬ 
ably they must have moved out when they had out¬ 
grown their dark shelter. Many modem Lima 
species build nests of byssus in dark cavities, and it 
seems that they must have inherited this preference 
for the dark from their ancestors, at least as far back 
as the Triassic. 

The orientation of bivalves and the distinction of 
left from right valves is facilitated if the following 
considerations are borne in mind. 

Most bivalves are prosogyral, though Siiaila, 
Lima and Doiiax arc exceptions to this mle. 

The pallial sinus is always postenor, and if the 
external ligament is not central, it too is usually 
posterior. 

Though the adductors may be the same size, if 
one is reduced or absent it is usually the anterior 
one, though not, for example, in Ensis. 

Classification 

Bivalves have always been found hard to classify. 
The problems arc not acute at lower taxonomic 
levels, for species, genera and families seem on the 
whole to fall into clearly defined natural groupings. 
These are based upon shell fomi and stmeture, the 
presence or absence of a pallial sinus, dentition and 
other characters. Some of the family groups have 
remained very conservative over long periods of 
time, and a number of genera have persisted with 
relatively little change since the Palaeozoic. 

However, it is not so easy to define higher taxo¬ 
nomic categories of a kind that can be related in a 
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phylogenttically ineaniiigrul way. There are too few 
morphological clues, and most of the more useful 
stable characters are in the soft parts or shell 
microstructure. This causes difhculties with the 
fossil forms, where the soft parts have vanished and 
where the aragonitic part of the shell is noniially 
recrs’stallized or dissolved. Furthermore, parallel 
evolution, which has confused many lines of 
descent, again raises t.ixonomic difficulties. 

A recent classification, given below and based on 
that in the Treatise on hivertehraie Palcoiilolo^iy, uses 
shell microstructure, dentition and (to some extent) 
hinge structure, gill type, stomach anatomy and the 
nature of the labial palps as the stable characters, and 
in this classification six subclasses are defined. 
Characters such .is shell shape are so closely related 
to life habits that they are ‘unstable’ and useful only 
in classification at lower taxonomic levels. 

SUBCLASS 1 PAIAEOTAXODONTA (Ord.-Rcc.): Includes 
only the one ORDER NUCUEOIDA. Small, protobrancli. 
taxodont, infauiul. labial palp feeders with aragonitic shells; 
c.g. Siu'iila, CliitOiUmta. 

SUBCLASS 2. CRYPTODONTA (Ord.-Rcc.): A largely tooth¬ 
less (dysodont). iiitaiiiial, .ir.igoninc-shclled. mainly 
Palaeozoic group with Solefttya (CIRDER SOLEMYOIDA) 
,is the only living rcpreseutativc. C'antiola and Eiiplrria are 
representjtiv'e ot the only other order, the Palaeozoic 
ORDER PRAEfARDIOIM. 

SUBCLASS 3. PTERIOMORPHIA (Ord.-Rec ); A rather hetero¬ 
geneous group ol normally' byssate liivalvc's with variable 
musculature and dentition. Shells may be calcific, aragonitic 
or both. 

ORDER 1, ARCOIDA: Isoniyari.in tilibranchs with 
crossed-lanicllar shells, ta.xodont; c.g. Aria, Clyiyimris. 
ORDER 2. MYTILOIDA; Anisoniyariaii fihbranclis and 
eulamcllibraiiclis, pnsmatic/n.icrcous shells, byssate, 
dysodont; c.g. Mytilus, Pitotu, Ut/tophaya. 

ORDER 3. PTERIOIDA; Anisoniyan.in or monomyanan fdi- 
branchs or eulaniellibraiichs, shell stnicture varied, byssate 
or cemented. Includes all sc.illops, oysters, and pearl clams; 
e.g. Pftleri. Preria, C,en>ilka, lihKcramns. Luiut, (hlrva, E\:o<;)’ra. 
SUBCLASS 4. PAIAEOHETERODONTA (Ord.-Rec.): A domi¬ 
nantly Palaeozoic aragoiiitic-shelled group including the fol¬ 
lowing orders. 

ORDER 1. MODIOMORPHOIDA: The Palaeozoic precursors 
of most later bivalves with licterodont teeth (actinodonts); 
e.g. Ah'diolopsts, Ri-iloma. 

ORDER 2. UNIONOIDIA: Helerodont non-mannc genera 
with a long time range; e.g. I Wo 

ORDER 3. TRIGONOIDA; Bivalves with large trigonal shells 
and well developed schizodoiit teeth. Oommon in the 
Mesozoic when they were amongst the most numerous 
bivalves; now represented by Neolriifonia, the one living 
genus; c.g. Trigonia. 


SUBCLASS 5 HETERODONTA (Ord.-Rec.): llcicnKluin 
eulaniellibraiichs to which most modeni genera bcloiiji 
nearly all with aragonitic crossed-lamellar shells, adapted in 
varied modes of life and especially to infaunal siphon tccdiiiR. 
The hinge structures may degenerate to a desniixifflil 
condition. 

ORDER 1. VENEROIDA: Active hetcrodonts witli true het- 
erodont teeth; e.g. iMima. Tlirlis, C'arJila, Crassairlll 
Ceraitodemia. I 'etnis, Macira, Icllim. 

ORDER 2. MYOIDA: Thin-.shelled burrowers and buretv, 
very inequivalve, hinge degenerate, siphons well devd- 
oped; e,g. Mya, Corlnila, Pholas, f'rn’do. 

ORDER 3. HIPPURITOIDA; Large, often coralloid, cemcmcil 
extinct bivalves with pachydont dentition, c.g. Diam 
Hippiiritis, Radioliles. 

SUBCLASS 6. ANOMALODESMATA (Ord-Rec ): Burrowiif 
or boring forms, v'ery modified, w'ith aragonitic shells and 
desiiiodont dentition. One order only, the Plioladomyoida; 
c.g. Pholiulowya, Ednioiidia, Pleiiroiuya. 

Evolutionary history 

Virtually all the m;ijor bivalve stocks were estab¬ 
lished by the Middle I'lrdoviciaii (Pojeta, 1975, 
1978), and from then on the history of biv.alvcs ii 
straightforw.ird. The search for bivalve anccston. 
however, has proved less simple. Such as do exist arc 
tiny, of millimetre scale. They are variously envis¬ 
aged as surface dwellers, lying on their sides, fcedini; 
with the foot and respiring with the gills, or as shal¬ 
low burrowers. The best-known genus, fordilk 
from the Lower Cambrian, seems to be a very small 
bivalve, though not all would agree that it is such 
(Yochelson, 1981). However, most other aiithon 
claim that it has a true hinge line, a single tooth ami 
socket m each valve, and a narrow posterior liga¬ 
ment trough. Another minute genus (1 mni) is 
Pojetaia, from the early Cambnan of Australia 
(Runnegar and Bentley, 1982). This has chanctens- 
tics reminiscent of Ordovician palaeotaxodoiits anil 
it is quite likely that these early, and tiny, thout^i 
distinct genera could have provided the rootstuck 
for most known higher bivalve taxa. 

Curiously, no bivalves are known from the 
Middle and Upper Cambrian and those foniierly 
recorded as bivalves arc now knovni not to be so 
E.irly (Ordovician (Tremadoc) faunas are of low 
diversity, and only in the Arenig did bivaivci 
become contmon, when they underwent an initial 
great burst of adaptive radiation. This rapid evolu¬ 
tionary change took place in the close-insliote 
habitat favoured by early biv;ilves, but such environ¬ 
ments are seldom preserved in the fossil record. One 
such occurrence from the early Arenig of Walw 
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rt8.ll Morphology and mode of life of infaunal bivalves, showing the disposition of the hinge axis (ha), dorso-ventrol axis 
I, ontero-posterior axis (a-p) and shell modification; small arrows represent incurrents (plain) and excurrents (feathered). (a)-(d) 
M)io Iruncofa; (a) external view of left valve; (b) internal view of right valve, showirtg muscle scars, pallial line and pallial sinus; (c) 
poilerior view showing gape (all x 0.5); (d) in life position (x 0.2); (e), (f) Mya arenaria in deep burrow with long siphons and deep 
pdliol sinus (x 0.25); (g), (h) Phacoides, a lucinoid in its burrow, with mucus tube to surface (x 0.5); (j), (k) V'enus, a venerid in its 
ikollow burrow (x 0.5); (1) Divaricella, o bivalve which burrows using its surface sculpture as a saw, by rocking through the angle 
1*0.751; (m), (n) Ensis, a razor shell in its long shallow burrow (x 0.3). (Mainly redrawn from Stanley, 1970.) 


(Cope, 1996) comprises no less than 18 genera, 
Wonging to at Ica.st seven subclasses; another is the 
iverse cool-water peri-Gondwana fauna, mainly of 
shallow-burrowing deposit feeden described 
V Babin and CJuticrrcz-Marco (1991) from Spam. 

This early Ordovician evolutionary burst gave 
to several .supcrfamilies having taxodont, 
odont or hetcrodont hinges and belonging to 
feat feeding types. First there were the earliest labial 
dp feeders of Order Nuculoida, which have paired 


flexible extensions of the palps which project from 
the shell and collect food particles directly from the 
sediment (Fig. 8.12d). 

Second, there were shallow burrowing types such 
as the Astartidae (Order Vencroida), with no real 
siphons (Fig. 8.12e) Then there were epifaunal, 
byssally attached bivalves, the pteriomorph Order 
Mytiloida, amongst others (Fig. 8.12f-j), and finally 
there arose the infaunal mucus-tube feeders, the 
superfamily Lucinacca (Subclass Heterodonta), 
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Figure 8.12 Boring, covily-dwdling and ottier modified bivalves: (a) Pholas, a shane borer (x 0.5); (b) Aspergillum, a highly mod- 
fied sand dwelling bivalve with reduced valves (v) (x 0.5); (c) Hiatella, a 'squotter' which occupies old borings (x 0. 5); (d) Yoldia,i 
labial-palp feeder (x 0.5); (e) Aslarie, a non-siphonate infaunal feeder (x 0.4); (f), (g) Modiolus, semi-infaunal and byssally ottocW 
|x 0.5); (h), (j) Mytilus, epihiunal and byssally attached (x 0.5). (Mainly redrawn from Stanley, 1970.) 


wliich were tlic only Palaeozoic deep burrowers 
(Fig. 8.1 lg,h). All these feeding types survive to the 
present, as do the supcrfaniilies in which they arose. 
Apparently the earliest types were infaunal, but epi- 
faunal genera began to diversify later in the 
Ordovician. 

In one genus of Ordovician bivalves, Bahinka, the 
shell has a rather curious coiiforniation which has 
attracted considerable attention (McAlestcr, 1962). 
Tins genus is an early lucinoid Itnown only from the 
Llanvinhan of the Czech Repubhe. Babinkti has an 
isoinyarian shell of standard form, but between the 
large adductor scars are two chains of smaller muscle 
scars like strings of beads. The upper chain has eight 
scars, the lower very many tiny ones. These have 
been interpreted as foot (pedal) and gill (ctenidial) 
muscle scars and bear a remarkable similarity to those 
of the monoplacophoran Ncopiiliiut. Bahinka, being a 
lucinoid, was probably infaunal and a mucus-tube 
feeder, but it docs seem that it retains the muscle 
pattern as an inheritance from an ancestral mollusc, 
something quite like a monoplacophoran. The evi¬ 
dence is slender but is in accordance with deductions 
about molluscan phylogeny from other sources. 


It is worth noting that the presence of the miucuk 
foot gave an inherent advantage to bivalves over ik 
rhynchonellifonn braclriopods, wliich other thin IW' 
troconchs were the rival hard-shelled suspension fe«d*l 
ets. Only by means of the foot could bivalves coloti* 
infaunal environments successfully, which the rhy» 
choncllifonnes were never rcaUy able to do. Indeei 
the second great e.xpansion of the bivalves during lik 
early Mesozoic and continuing tlirougliout dif 
Cenozoic was direedy due to the fact that they couil 
burrow. However, burrowing ability alone \va DO 
enough, for what gave the impetus for the id 
e.xploitation of the infaunal habitat was the fusion n 
the posterior edges of the mantle to form true sipfwoL 
(Stanley, 1968). In die early Mesozoic a large numkf 
of new hetcrodont or desmodont supcrfaniilies irat 
of wliich by far the majonty were siphonate, unj 
their siphons for feeding wliilc remaining prottad 
deep below the sediment surface. 

Many of rhese live in the intertidal zone wlw? 
they either occupy deep (relative to body size), pc- 
manent burrows (c.g. Mya, Macoma) or, like tk 
more shallow-burrowing Ccrastodenua, can bum* 
in again quickly if washed out and thus re-csolH 
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rtieniselves. Quite possibly the intertidal zone was 
not prcatly colonized by bivalves during the 
Palaeozoic since they did not have the requisite 
■Bnictiiral potential. Thus the mantle liision and 
nphon fomiation, onginating in the Heterodonta at 
die very end of the Palaeozoic, appear to have given 
the bivalve groups that inherited this structure a 
peat new evolutionary potential. Probably the 
desmodont hinge, which was derived from a het- 
Bodont predecessor, is a subsidiary modification 
also associated with the infaunal siphon-feeding 
habit. The expansion of siphon feeders into new, 
previously uiicxploited habitats (intertidal, deep 
burrowing, boring, etc.), dependent upon one new 
kev’ character alone, has been described as an ideal 
model of adaptive radiation. 

Some bivalve slocks have been remarkably stable 
since their fint appearance. Thus the shallow-bur- 
rowing taxodont Family Glycymeridae has retained 
wcntially the same form since the beginning of the 
Cretaceous, and its representatives have lived in the 
same current-swept habitats. They are morphologi- 
oUy unspecialized, and although they are ecologi¬ 
cally specialized as regards substrate preference, in 
other respects they are remarkably tolerant ofphysi- 
ciUy vigorous coiidibons, and associated faunas are 
ot low diversity. The shell fonn is defined by rigid 
mechanical and geometrical constraints and, as 
Thomas (1975) has shown, the demands of the 
functional and geometrical needs of the animal in its 
ibell did not allow the family enough evolutionary' 
flexibility to undergo further radiations, hence its 
tonservatisni through time. 

Family Trigoniidae, characterized by enormous, 
complex hinge teeth, is another important group 
which lived in coarse shifriiig sands. They w'cre the 
dommaiic shallow-water burrowers of nearshore 
habitats during the early Mesozoic, but the extinc- 
nons of the late Cretaceous proved disastrous for 
ihem. One relict genus only, Nectri^otiia, survives 
mday. The large teeth maintained valve alignment 
at the wide gape required for c.xtrusion of tlic 
huge T-shaped foot, for wbicb gave the tngoniids 
more effective mobility than any Palaeozoic suspeii- 
«on-feeditig bivalves (Stanley, 1977). All other 
features of their unusual morphology arc highly 
adaptive, and had it not been for the disastrous 
events of the Late Cretaceous, they would no doubt 
be diverse and flourishing today. 


Functional morphology and ecology 
All bivalve shells have to be able to open without 
the umbones coming together and so the lunbones 
have to be kept some distance apart. At the same 
time the elastic hgament has to be prevented from 
undue stretching and breakage as the bivalve grows. 
These two geometrical requirements are in conflict, 
and the shape of any bivalve shell must therefore be 
a compromise between them. The range of shell 
morphologies available is thus constrained by the 
geometry of the coiled shell. Many different com¬ 
promise solutions have been achieved, and can be 
simulated by computer modelling. Among those 
extrapolated by Savazzi (1987) arc, for example, 
evolving a whole range of incquivalvc adaptations, 
very wide spacing of the umbones and having a lig¬ 
ament that is continually replaced as it breaks during 
ontogeny, cessation of growth before the shell has 
coiled to half a whorl, and decreasing whorl expan¬ 
sion rate throughout ontogeny. There are only a 
limited number of solutions to these common b.isic 
requirements, and these recur quite often in parallel, 
in unrelated lineages. 

Shell fonn and mode of life in bivalves is illus¬ 
trated in Figs 8.11-8.14. Within the bivalves the 
structure of the binge, dentition, mineralogy and 
shell structure and composition do not appear to be 
characters of much adaptive significance. They arc 
important in classification for defining major ta.xo- 
nomic groups but have little to say about the adapta¬ 
tion of the diffetent sorts of bivalves to their 
enviroimient. 

On the other hand, the .shape and general mor¬ 
phology of bivalve shells directly reflects their mode 
of life. Indeed our current understanding of tlie 
ways in which modem bivalves arc adapted to par¬ 
ticular modes of Ufe enables reasonable inl'crenccs to 
be made as to how extinct bivalves lived. 

Modern bivalves can be grouped into several 
morphoecological categories (Stanley, 1970); 

iitfaunal shallow burrow'iiig; 

infaunal deep burrowing; 

epitaiinal, attached by byssus threads to the sub¬ 
stratum; 

epifaunal, cemented to the rock; 

free-lying; 

swimming; 

boring and cavity-dweUing. 
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Examination ot the dead shells of most bivalves and ends for the foot and the siphons to come out. Fdil 
indeed also fossil ones will allow the correct cate- and siphonal gapes are more characteristic of the 
gory to be inferred. In the burrowing species, shell deeper-burrowing genera. Some shallow burroweu 
fonn IS also related t<i whether or not the animal was (e.g. Tellim. DiiumceUa) have a curious cxtctml 
a slow or rapid burrower and to the nature of the .sculpture ot ndges on the outside ot the slid, 
sediment into which it burrowed. Most bivalves, Divaricclla has an unusual W-shaped p.attcni ot tint 
like Certi.TWi/cwi.j, are suspension feeders. There arc a ndges (Fig. 8.111). When it burrows its nxlung 
few genera, however, members of the Nuculacca, movement of some 4.S° is aided by the gnp given to 
which are deposit feeders. Niiculaceans such as the shell by these ridges as it ‘saws’ its way down mu' 
Yoldia (Fig. 8.12d) extrude specialized extensions of the tine sand in w'hich it lives. The oblique ridges« 
their labial palps into the sediment and so collect the more elongate Tvlliiia assist the burrowing tunc- 
organic particles from it. The vcneroid Supertamily tion in much the same w.iy. I’attenis such as these art 
Tellinacea are partly deposit and partly suspension unusual, and the majority ot burrowers are sniouih 
feeders. Tellinids use their long inhalant siphons to shelled and streamlined. 

suck up food particles trom the sediment surface Shallow burrowers do not nonnally have vcir 
rather like a vacuum cleaner. Other than these, the elongated shells. There are. however, a nunibcr of 
bivalves discussed in the following sections arc all well-knowm, deep-burrowing genera, which have 
suspension feeders. shells of ver>’ drawn-out form adapted for litc in 

deep excavations which are virtually pcmianciit. 

Infaunal burrowing bivalves (Fig. 8.1 1) Kepresentatives of many bivalve families have indf- 

Bivalves that burrow m soft substrata, such as our pendcntly evolved to this mode ot life, and then 
type example derasiodewta, h,avc a well-defined shells have become modified in very similar "'jp. 
sequence of movements which enable them to pen- The large Myii areniwa, tor instance (Fig. S.lle-^B 
etrate the sediment. First the foot probes down- a sluggish bivalve which burrow's in tinn s.md ui 
wards and swells with blood from the circulators’ mud. It has a long elliptical desmodont shell which 
system; then the siphons close. This is folk'wed by a is very tliin, with a curiously moditicd ligatiifiii 
rapid .tddiictive movement of the two valves w'hich (chondrophore), much reduced teeth, and pnv 
dilates the foot hirther and squeezes water out from nounced anterior and postenor gapes. The siphoiii 
between them. When the foot is subsequently are fused together, and though they may he col- 
retracted the shell sinks down into the sediment, lapsed as an escape reaction when the blood 
rhen the muscles relax prior to the onset of the next supporting them is drained they cannot be with- 
cyclc. The anterior adciuctor usually contracts first, drawn inside the shell. Razor shells such as hm 
followed by the posterior one; hence a rocking (Fig. 8.11 m,n) and Soleti have very long, .ilitios 
movement is impaned to the shell, which can be up tube-like shells, with reduced teeth at the anicnoi 
to 45° in some of the more discoidal shells but is end alone and permanent anterior and posteno; 
normally less. While this process of ‘digging in' is gapses. They occupy tubular burrows down which 
going on, the siphons extend to keep contact with they can move for protection when threatened, 
the surftce. Not all deep burrowers are of such modified 

Not all burrowing bivalves have siphons, vdsfiirre, form. Some lucinoid bivalves such as Pluuoidn (Fiit 
for instance (Fig. 8.12e). which lives just below the 8.11g.h) have conventional-looking shells 
surt'acc has open, slit-like mantle edges, not fused near-circular fonn and a nearly horizontal liiiip 
into siphons. Most shallow-burrowing genera (e.g. axis. I'liere is a long posterior (exhalant) siphon, bsii I 
Ltidna, Doiia.\\ I emet), however, are siphonate. They the iulialant cuiTent is drawn in through a luqji 

have cquivalved shells with the two adductor inascle mucus tube connecting with the sediment surtift 1 

scars of .ibout the same size, and often have palhal Tins habit is probably ancient, for lucinoids at 
sinuses. The antcrior-ptosterior hue in these (jihning found as far b.ick .as the Ordovician. I 

the dorsal tipss of the adductor scars) is approximately 

parallel with the hinge line. The anterior and poste- Byssally attached bivalves (Fig. 8.12f-j) 
rior sections of the commissure may be pennanently Many bivalves secrete threads ot the protein o'lb- 
parted; the shell may theretore gap'c at either or both gen, with which they attach themselves to the ci 
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floor. Tlie marine Modiolus (Fig. S. 12f,g) has a taper¬ 
ing cyhndncal shell and lived witli only the postc- 
nor part of the shell exposed. One species is adapted 
lot life in salt marshes. From such endobyssate 
types originated the common mussel Mylilus (Fig. 
!i.l2hj). which lives attached to the surface, in an 
upright position, with the commissure vertical. The 
threads, known as byssus, arc secreted from a gland 
located at the base of the foot. I hey form sticky 
iccrctions which harden rapidly after their forma¬ 
tion. The shell is elongated, often with a Hattencd 
rentral surface otFenng support and stability to the 
shell. There is a byssal notch marking the base of 
the shell, from which the byssus emerges. Usually 
too the anterior part of the shell is much reduced, 
ind the anterior adductor is greatly diminished in 
size so that the antenor-pcisterior line is oblique to 
the hinge axis, though there is no clear agreement 
why this should be so. Almost all juvenile bivalves 
of any group are byssally attached, and the retention 
ufbyssus in adults is probably paedomorphic. 

Mylilus is epifaunal, but many of its modern 
relatives live partially or completely buried. Tridaaio 
s a genus of enomious thick-shelled clams which 
nihahit tropical reefs and is likewise byssally 
ittached. Its siphons are directed straight up and arc 
I greatly expanded, whereas the byssus is midventral 
, witli the hinge just posterior to it. Within the 
opaiided siphon tissue are innumerable algae 
liooxantheUae) living in a symbiotic relationship 
inch this clam, as they do with corals. 

Though many byssally attached bivalves live with 
die coniini.ssure plane vertical, there are others in 
which this is not so. Pliria for instance, has one of 
the two ‘ears’ along the hinge line greatly enlarged, 
attending the liinge like a wing. In the specialized 
kbit ot Plcria, which lives attached to alcyonarian 
Items, the frinction of the wing seems to be that 
eidulant currents arc removed as far as possible from 
Be inhalant region and arc not recycled. In benthic 
eared' bivalves the extension of the shell prevents it 
Hum being overturned by currents. 

Cemented and secondarily free-lying forms 
(fig. 8.13) 

The best known of those bivalves which attach 
■tenisclves by cementation to the substratum are the 
fcsters (Order Ptenoida, Suborder Ostreina) whose 
Morphology and evolution have been fully docu- 
Mcnted in the Treatise on Int'erfehralc Paleoiitolo'^y by 


Stenzel (1971). These are perhaps the most success¬ 
ful of all bivalves, having a very efficient feeding 
mechanism which integrates the activities of palps 
and gills in a way that no other bivalves have been 
able to do. Oysters are abunthnit in .ancient and 
modern sediments and are normally preserved in 
their natural life po.sition. Many hardgrounds in the 
Mesozoic and Cenozoic are marked by the presence 
of many oysters wliicli attached themselves to what 
was then a hard, recently submerged substratum. 

When they settle, oyster larvae attach themselves 
to the sea Hoot by their left valve, which becomes 
cemented to the rock. In the process of cementation 
(Harper, 1991a; Fig. 8.13lj, a thin sheet of perio- 
stracum forms at the mantle margin. This is secreted 
during cementation and through it leaks ‘extrapallial 
fluid’ from a space between the shell and peno- 
stracum and the mantle. From this fluid a calcareous 
material crystallizes. It is compositionally like the 
shell and forms a strong-bonding cement. Since 
the two valves must close e.xactly along the commis¬ 
sure, any irregularity in the left valve is also reflected 
in the right valve. Thus if the larva settles down on a 
dead ammonite shell, both the left and right valves 
will have an impression of the ammonite. Oysters 
have a single large adductor to close the valves and 
are often of somewhat arcuate fonn, with the gills 
lying horizontally and the anterior—posterior axis at 
some 60° to the hinge a.xis. Though in most genera 
the commissure is more or less flat, some fossil and 
Recent genera |e.g. the Cretaceous Arctosirea (Fig. 
8.13b) and the modem Ostrea Irons] have zigzag 
commissures like those of many brachiopods, and 
these piresumably fulfilled a similar function (section 
7.6). Oysters may build up substantial biostromes, 
and as they often lie in belts parallel with shorelines 
they have been used successfully in detennining for¬ 
mer shore positions. 

Cementation has originated independently in 
some 20 major groups, and always from a byssate 
ancestor. Such cementation is thus polyphyletic, and 
there are even examples from fresh water. EtUeria, 
for instance, fonns large oyster banks in fresh water 
in West Africa. Many groups of cementing bivalves 
appeared independently in the early Mesozoic, 
coinciding with a great increase in population pres¬ 
sure. Harper’s (1991b) experimental work shows 
why tins should be so: predators (crabs and starfish) 
were offered a choice of byssate or cemented prey, 
and the latter survived far more effectively since the 
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(a) Ostrea 


(b) Arctostrea 


adductor 

muscle 


(c) Spondylus 


mantle 




shell cement 


extrapallial 

fluid 

periostracum 


(g) Gryphaea arcuata 


(h) Diceras 


(k) Radiolites 


(I) Torreites 


Figure 8.13 Cemented or secondarily free bivalves: (a) Osfreo, cemented by its left |L) valve; right valve (R) ovedying (xO.3), (tl 
Arclostrea, a Cretaceous oyster, cemented bv its left (L) volve, showing gill, spines, adductor muscle scar and orientation (> 03) 
(c|-(e) Spondylus spinosus (Cret.|, (c) left valve; (d), (e) in lateral and anterior view, showing how spines are used as snowshce ‘ 
(x 0.75); (f), (g) Gryphaea arcuata (L Jur.), a secondarily free-lying oyster, with the heavier left valve below (x 0.5); (g) seclw 
through the ed^ of an oyster shell, showing processes of cementation (see text), (h) Diceras (Jur.), probable ancestor of rudistii, vn(i 
twisted umbones |x 0.3); (j), (k) Radiolites (Cret.), showing coralloid right valve (lower) and smaller left valve (upper); intemol slrve- 
ture of latter shown in (j) (x 0.3); (1) Torreites, a Cretaceous rudist reconstructed as with thick extensions of mantle margin between 
valve rims. [Mainly based on drawings in Zittel, Textbook of Paleontology, 1913; (d), (e) redrawn from Carter, 1972; (1) redruin 
from Skelton ond Wright, 1987,) 


predators could not readily manipulate or pluck o£F 
the cemented bivalves from the .substrate. 

An extinct group of cemented bivalves, the 
hippuritoids or rudistids (Subclass Heterodonta), 
became very highly modified, so that they are hardly 


recognizable as bivalves at all. These inhabited the 
shallow tropical seas of the Tetliyan realm during 
the Late Jurassic and Cretaceous. Examples are 
Hippuritella and Radiolites (Fig. 8.13j,k) from the 
Upper Cretaceous, in which the valves are \crf 


adductor 

muscle 
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un«iu.il in size. The right valve is conical; the left 
nivc IS nearly flat aiul sits on top of the right valve 
like i lid. The right valve has very thick walls of two 
b>-crs, a relatively small body cavity, and a single 
jSgaiitic tooth which articulates with an equally 
lags' pair of teeth hanging down from the lower 
lurtke of the left valve. In e.xtenial inorjihology 
iheR- arc some similarities to the bizarre Permian 
(tmphoincnidc brachiopod genera Cemethroia and 
Cfdikmubiiria, and in a remote sense even to solitary 
rorals, but there is certainly little functional siniilar- 
III' to the latter. Some rudistids seem to have been 
ibic to suck in water through the perfumed left 
dvc. and detailed functional analyses have been 
nude showing probable current directions (Skelton, 
1976). Most rudistids were small, only a few cen¬ 
timetres high, but there are some immense species 
up to .SO cm high. They arc found in Cretaceous 
imcMoiies in France and elsewhere, sometimes 
Sinning extensive clusters which may even form 
null reefs, thotigh only some species actually 
(ontribute towards reef fonnation. 

The earliest nidists (Family I')iceratidac) were 
tiicrusters, attached by the umbo of one valve. The 
bad heavy shells with an external ligament, and the 
lUiiboiies were twisted in a ‘spirogyral’ fashion (Fig. 
H.13h). This conservative construction was retained 
by one group until the end of the Cretaceous, but 
tfaev remained as encnisters and did not invade 
ww adaptive zones. A second group, however, the 
uncoiled nidists (Skelton, 1978, 1985), have an 
invagiiiatcd' ligament — it is no longer marginal but 
neatly tucked away within the shell. The growth 
fbmi of the shell is thus not constrained by an exter¬ 
nal ligament. It was only because of this that the 
shells were able to uncoil, and Skelton regards the 
thonening and invagination of the ligament as a 
pre-adaptation for their radiation into hitherto 
unoccupied adaptive zones. Since they were now 
able to grow elongated tubular valves, they could 
invade new habitats as ‘elevators' and ‘rccumbents'. 
The fonner are tall conical or barrel-sh.ipcd shells, 
often fomiing thickets, and feeding in calm waters 
well above the sediment surtacc and out of the zone 
of'muddy water. Kecumbents, on the other hand, 
arc large e.xtended shells lying freely but stably in 
current-swept shores on the crests of build-ups. The 
high diversity of such Cretaceous uncoiled rudists 
testified to the advantage given by the initial pre- 
idaptarion. 


The large rudist Torreites is reconstructed (Skelton 
and Wright, 1987) as having had thick extensions of 
mantle margin projecting out between the valve 
rims (Fig. 8.131), as in the living giant clam Tridacm. 
This genus is found in both Oman and the 
Caribbean and was probably dispersed by larvae 
along shallow ‘staging posts’ in the Pacific and east¬ 
ern Tethys. 

A geometrical model for the growth and form of 
rudist bivalves and its implication for their cla.s.sifica- 
tion IS given by Skelton (1978), and a fiill treatment 
ot their evolution, ecology and role as reef fonners 
may be found in Kaufmaiin and Sohl (1981). 

The very spiny isodont genus Spotidyhis, which 
lives today in coral reefs, is asually cemented. Some 
species, however, have become secondarily free. 
The Cretaceous S. spinosus (Fig. 8.13c-e) has spines 
arranged at right angles to the shell margins; these 
apparently acted as siiowshoes, preventing this 
free-living biv.alvc from sinking into the soft ooze 
upon which it lived. 

Amongst other secondarily free-lying genera is 
the large oyster Cryphaea (Fig. 8.13f.^, whose evo¬ 
lutionary development has been much debated in a 
scries of papers since the early 1941 Is. 1 never used to 
have much enthusiasm for tlie unattractive-looking 
Crypbaea. I felt that it had too few morphological 
characters to sustain the endless flow of papers 
which purported to describe its evolution, and some 
ot these works did in fact prove biomctrically 
unsound. However, the excellent recent studies of 
Johnson and Lennon (199(1) and Johnson (1994) 
have restored this genus to eminent respectability, 
as illustrating a complex, non-unidirectional and 
broadly gradual change through time. Crypbaea has 
a very thick convex left valve, necessar>' for stability, 
for it an individual was overturned the commissure 
would be blocked, with fatal results. In this context 
selection seems to have favoured a more stable, 
broader and flatter shell shape, and increased size as 
an adaptation to a stable food supply. 

Amongst the strangest of all bivalves are the alato- 
conchids; the ‘giant clams’ of the Tethyan Penuian. 
Genera such as Slukaiuaia {Tachititon^ia) reach 
lengths ol up to 1 m and the shell was up to 3 cm 
thick. These shells had wide vving-like flanges on 
each valve, extending posteriorly and giving the 
appearance of a very flattened shell. The juveniles 
were byssally attached but the large and heavy 
(H) kg) adults lay freely on the sediment surface, the 
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weight being partially borne by the flanges. This is 
one of the few bivalves that lay flat on the sea floor 
with a vertical cotnintssiire (Yancey and Boyd, 
1483). 

Free-swimming forms (Fig. 8.14) 

The large scallop Pcctcti normally lies free on tlie sea 
floor, but it can swim by vigorous and repeated 
clapping of the valves together so as to expel water 
in successive jets on both sides of the 'cars’. Such 
activity is exhausting for the bivalve and cannot be 
sustained for very long, but it is normally used only 
to escape from predators. 

In Pecten the two valves are unequal m size, the 
lower being the more convex, but they are nearly 
equilateral. On either side of the umbo the hinge is 
prolonged into two ‘ears' of nearly equal sizes. The 
ligament is set centrally and intenially and emplaced 
in a small triangular pit. A single large adductor 
muscle occupies much of the central space. 
Evidently this kind of shell was derived from a 
byssally attached ancestor; the two kinds of shell 
have many features in common, though that of 
Pt'clcn is e.xtended by an increased umbonal angle, 
assisting its capacity as a hydrofoil. 

Lima is a byssally attached genus, but it can also 
swim .IS an escape reaction. Individuals can release 
their byssus and swim by valve-clapping with the 
commissure held vertically. The mantle is here pro¬ 
longed into ‘tentacles' around the comnii.ssure; these 



Figure 8. 14 Free-swimming bivalves: (a), (b) Pecten, a swim¬ 
ming bivalve in which the anterior adductor is reduced com¬ 
pletely |x0.4) - broad arrow shows the direction of shell 
movement when water is ejected (small arrows) near the hinge; 
(c) Bositra buchi, a Jurassic bivalve, possibly nektoplanktic, with 
valves open in inferred life position [(a), (b) Based on Stanley, 
1968; |c) based on Jefferies and Minton, 1965.) 


row like oars whilst the animal is swimming, winch 
adds to the speed of movement. 

Pccteii and Lima probably mhented their natatory 
ability from a common ancestor, and there is evi¬ 
dence that as far back as the Carboniferous some 
bivalves could swim. Fossil I’cctinacea arc not 
uncommon. Some of them were like Pccten in mor¬ 
phology and h.ibit (c.g. the Carboniferous 
Ptfriiioiiei-teii)-, others such as the Devonian to Jura.ssK 
posidonian genus liositra and its relatives may have 
been specialized for a nektoplanktonic (entirely 
free-swimming) mode of life. PosiJonia is character¬ 
istically present in black shales (ecologically equiva¬ 
lent to the earlier graptolitic facies) in which the 
only other fossils are ammonites or goniatites, but 
it may also occur in shallow-water limestones 
deposited as lime muds fine enough to preserve the 
shells (the parallel with graptolite preservation u 
again noteworthy). All posidonians are thin-shelled 
with only two shell layers. They h.ive gapes on 
either side of the hinge as in their living pectinaccin 
relatives, but they never had a byssal notch at any 
time in their ontogeny, and they probably never 
went through an attached phase at any time in then 
life history. Specimens are almost always preserved 
with both valves open, though in modem limaceaiu 
and other pterioids this is rarely scs. Experiments by 
Jefferies and Minton (1965) showed that the valvo 
would be preserved in the open position only if 
their nonnal opening angle exceeded 60°. which 
may indeed have been their nonnal angle of open¬ 
ing in between swimming contractions. Fiiither 
experiments and calculations have indicated that 
such a swimming bivalve vs'ould not have sunk 
rapidly, especially if the drag effects were increased 
by a fringe of stitf tentacles around the commissure, 
as in the modern Lima. 

Posidimia therefore may well have exploited an 
ecological niche, that of the pemiancntly swimmug 
nektoplankton, which no later bivalve has been able 
to invade since the extinction isf this genus in the 
Cretaceous. 

Boring and nestling bivalves (Fig. 8.12a-cj 
Certain bivalves are adapted for life in hard sub¬ 
strates. The stone- and wood-boring genen 
Ijtlwplia^a (Order Mytiloida) and Teredo (Order 
Myoida, Suborder Pholadina) have elongated 
shells of cylindric.ll fomi, and like modified drep 
burrowers they live with their long axis nonnal to 
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the surface and have very extended siphons. Tlie 
shells of these bivalves are veiy thin and must be 
vers' resistant to abrasion, for the eilges of the shells 
ire used in excavatinj; their burrows, aided by acids 
lecrcted by cells in the mantle. The insoluble perios- 
Incuni prevents their own shells from being dis- 
wlvcd. Frequently the shell edges arc provideti with 
tout spines, used as scraping tools in excavation, 
which is effected by rocking movements of the shell 
ibuut the long axis. Some species of Uthophnna bore 
into live coral, and have highly specialized adapta- 
hom. Not all highly attenuated bivalves are borers. 
Some live in fmn sediments, e.g. Aspcriiilhiin (Order 
Anotnalodesniata; Fig. S.I2b), .md are well .idapted 
(or this mode of life; evidently this represents the 
pnmitive condition from which the rock- and 
wood-borers later evolved. The boring habit has 
tvolved nine times independently since the early 
Pjhcozoic and has become especially important 
from the Mesozoic onwards. 

Boring bivalves are commonly found preserved 
ra their burrows, and where the borings fit tightly 
round the shells it would seem probable that the 
occupant was the creator of the domicile. 
•Sometimes, however, tlie fossil within the boring 
was merely occupying a vacated residence; it was, in 
tfeci, a ‘squatter’. Kelly (1^80) has shown that the 
late Jurassic HiatvILi occurs in two habitats, first as a 
ample byssal nestler on hard substrates, and second, 
but more commonly, m borings made by other 
Imlves penetrating hard substrates (Fig. 8.12c). In 
ib«e the contours of the HitUclla shell do not closely 
appro-ximate the shape of the burrow. 

Nesding bivalves cannot bore but arc photonega- 
avc, like Uma, and occupy pre-existing cavities. 
Some are byssally attached, and their shells grow to 
frtthe cavity even if this is of irregular shape. 

Ecology and poloeoecology 

Me shell shape and other factors have been 
,<lown to be usefril in interpreting the mode of life 
of extinct bivalves, other kinds of ecological study 
K more directly concerned with the organism— 
amronment relationship. The following examples 
Aow how biological and geological critena can be 
«cd together to give infonnation about past eiivi- 
mmeiits with facies-controlled faunas. 

A study of a Silurian bivalve fauna from Mollbos 
li Gotland (Sweden) combines both auto- and 
^nccological data (Liljedahl, U)84, 1985, 1994). 


Most Palaeozoic bivalves possess few diagnostic fea¬ 
tures and are thus hard to classify and identify. Only 
when the interior is really well preserved can the 
anatomy of the soft parts be reconstructed witli con¬ 
fidence and thus aUow the life position and habits of 
the various taxa to be inferred. The MSllbos fauna is 
silicified (through the initial agency of endolithic 
microorganisms), and was preserved in silit. The 
bivalves, i.solated from the muddy matrix by acid 
etching, arc preserved in such detail that their adap¬ 
tive inorphology can be established. 

Using muscle scars, shell shapes, size and muscu¬ 
lature of the foot, and by companson with living 
bivalves, Liljedahl was able to assess the burrowing 
potential of the vanous species. Statistical analysis of 
the trophic structure of the community showed that 
it was dominated (>90%) by deposit feeders, which 
unlike suspension feeders are adapted to a clay-rich 
mud environment. There were three different feed¬ 
ing levels within the sediment (Fig. 8.15): (1) sur- 
face/senii-infaunal, (2) infaunal and (,A) deeper 
infaunal. 

Only the shells of the first category were often 
fragmented and noniially encrusted by epibionts, 
and likewise the infaunal species were more com¬ 
monly articulated. The ecological assumptions made 
about this fauna of trophically tiered deposit feeders, 
inhabiting a muddy soft-bottomed environment, 
fully accord with conclusions reached through func¬ 
tional morphology. 

There is a clear contrast between the life habits of 
the Mollbos assemblage and the somewhat younger 
Grogarnshuvud assemblage, also from the Silurian of 
Gotland (Liljedahl, 1991). Here the lucinoid Ilionia 
prisia is found, usually in life position in shallow sub- 
tidal lime mud. It is very similar to living lucinoids 
(Fig. 8.1 la) and was likewise a mucus-tube feeder, 
living at some depth within the sediment. Ilionia 
oriented itself obliquely to the direction of wave 
action, thereby maximizing the intake of suspended 
food particles through the mucus tube and avoiding 
fouling by its own waste material. It may also have 
lived in symbiosis with sulphur-oxidizing bacteria. 

The following Mesozoic example is on a larger 
scale but equally of interest. The Great Estuarine 
Series (M. jiir.) of the Inner Hebrides of Scotland 
consists of a shale and sandstone sequence in which 
bivalves, along with some gastropods and ostra- 
codes, arc the most dominant fossils (Hudson, 
1963). Individual bivalves are very common but 
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1 Nuculoidea lens 

2 Nuculodonla gotlandica 

3 Palaeostraba baltica 

4 Caesariella lindensis 

5 Janeia silurlca 


6 Freja fecunda 

7 Molinicola gotlandica 

8 Goniophora onyx 

9 Maminka sp. 

10 Mytilarca? sp. 


Figure B. 15 Suggested life positions of Silurian bivalves from Mollbos, Sweden (redrawn from Liljedohl, 1985.) 


belong; to only j few species, and within the 
sequence there are hardly any normal marine fossils 
except at the very top. Such association is nonnally 
indicative of a ‘difticult' environment, wliich few 
species have been able to colonize and in which the 
species that have done so are successful. The beds 
were deposited in very shallow water as shown by 
mud cracks at certain honzons suggestinjr periodic 
desiccation. Successive lithologies within the 
sequence contain bivalve faunas. Hudson found 
rem.irkable analogies with the present shallow 
lagoonal bays of tlie T exas coast, from the point of 
view both of environment and of the bivalve genera 
living there. Several of these modem genera 
(A/yfi/iw, Osirai and Lhiio) have direct counterparts 
in the Great Estuanne Scries; furthemiore, in Texas 
the bivalve assemblages in faunal content, which 
can be closely compared with the Jurassic ones, are 
salinity controlled. The Texan Crassoslrea species 
and mytilids live in water of rather reduced sahnity, 
and Hudson inferred that analogous Jurassic associa¬ 
tions likewise lived in hyposaline water. 

liy matching the analogues Hudson showed 
clearly that the overlapping assemblages were con¬ 
trolled by salinity variations through geological 
nine; from fresh water (dominated by the bivalve 


Unio and the small I wipiiriis)'. through bracknl; 
water (the most ‘difficult' environment to colomtc 
for physiological reasons), where only the eurylu- 
line W'omioiion was present; thence to brackul’ 
marine, where oysters and mytilids thnved; me 
finally to fully saline marine environments. 

More recent work on oxygen and carbon iwi 
topes has shown the essential correctness of this pic¬ 
ture, though a few modifications were needed 
notably that Unio and Xcotniodon of the Jurjwi 
apparently lived in nomial nianne conditiems. 

Stratigraphical use 

Bivalves arc on the whole far too long-ranged ui 
rime to be of much zonal value. However, thn 
have been used in a broader stratigraphical sense, 
in LyclTs division of the Tertiary, which has abun¬ 
dant bivalves and gastropods, into four senes bisfd 
upon the relative percentages of the molluscan fau¬ 
nas present therein now living. 

The one circumstance under which bivalves havr 
been used succcssflilly as stratigraphical indicators !■ 
in the British Carboniferous Coal Measures, svhert 
non-marine bivalves are abundant at certain hori¬ 
zons. These genera {Carlmiicola, athi 

Antliracoiidiit amongst others) arc not unlike iht 
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hUDdem freshwater Unio, but they differ in certain 
mftjfphological characters. The species arc not easy 
I to distinguish and are rather long-ranged. But even 
f so, sue or seven zones have been defined using con- 
j tmrent ranges of different species of non-marine 
1 bivalves, and the zones thus defined have been cor- 
|(j8l)orated by plant and spore fossils. 

I 

Class Rostroconchia 

j In recent years a small group of Palaeozoic molluscs 
i lus been recognized as being of unique phyloge- 
j nrtic interest and has been separated out from other 
■olluscs as Class Rostroconchia (Pojeta .and 
Itunnegir, 1976). 

! Rostroconchs look superficially like bivalves and 
were probably fairly similar to them internally, for 
oample in the possession of a protnisible foot, sig¬ 
nified by a marked antenor gape in the shell. Where 
ihev' differ is in the morphology of the hinge line, 
for they do not possess a fiinctional hinge at all. 
These molluscs began their growth by producing a 
mull, limpet-like, bilaterally symmetrical proto- 
conch. From this the adult, likewise bilaterally 
jymmetrical shell (dissoconch) grew down ,is a pair 
of valves. But there is no true hinge for some or all 


of the shell layers are continuous across the dorsal 
margin. The valves must have been held ngidly 
together, the dorsal margin functioning at best as a 
poorly elastic structure. 

The earliest known genus, Herauhipegim, is 
Lower Cambrian. Later rostroconchs reached their 
inaxiinuin development in the early Ordovician, 
almost rivalling bivalves at that stage, but they 
declined thereafter and only one order, the 
Conocardioida, continued until the Pemiian. In the 
early rostroconchs (e.g. Riberoia) all the shell layers 
traverse the dorsal margin, whereas in the advanced 
fonns the outer layer does not cross it, suggestive of 
an independent step towards the condition already 
achieved by bivalves. Civtociudium (Fig. 8.16c,d), 
one of these advanced fonns, has a gape at one end 
and a very pronounced rostrum at the other. 

It has been suggested that rostroconchs occupy a 
key position in molluscan phylogeny. Pojeta and 
Runnegar (1976) have proposed that helcionellans 
are extinct monoplacophorans and that these gave 
rise to the rostroconchs, losing their segmentation in 
the process. These in turn produced the bivalves 
on the one hand (by separation of the valves and 
development of a proper hinge), and possibly the 
Scaphopoda on the other. The cephalopods and gas¬ 
tropods, according to these authors, were probably 



(e) Helcionella 


figures. 16 (a), (b) Salpingosloma (Ord.), a bellerophontid, in dorsal and lateral views (x 0.5); (c), (d) Conocardium pseudobellum 

IW.), a rostroconch, in lateral and dorsal view (x 1.8); le) Helcionella, an early Cambrian mollusc (gastropod or monoplacophoran; 
i2.5). (Redrawn from Treatise on Invertebrate Paleontology, Mollusca 1, 1960; Pojeta and Runnegar, 1976.) 
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derived iiidependendy from the moiioplat ophorans. 
When the rostroconchs had given rise to the more 
adaptable bivalves, competition may well have been 
an important factor in their demise. 

These hmgeless ‘bivalved’ molluscs have helped 
in an unexpected way to bridge a large morpholog¬ 
ical gap in the phylogeny of early molluscs. Perhaps 
more discoveries of similar kind will illuminate the 
relationships of moUuscan classes even further, 
allowing a test of this evolutionary model. 


Class Gastropoda 

Introduction and anatomy 
Gastropods include all snails .vid slugs living in the 
sea, in fresh waters and on land and also the 



(cl 





pteropods of the marine plankton. The earliest gen¬ 
era are Lower Cambrian, and though they probably 
are more abundant now than at any other time they 
can be found in sedimentary rocks of all ages. 

The majority of present-day gastropods, and the 
only ones preserved, have coiled shells. Gastropods all 
have a true head, usually equipped with tentacles, 
eyes and other sense organs, which is more or less 
continuous with the elongated body; this typically has 
a Hat, sole-like lower surface upon which the animal 
creeps by small-scale waves of muscular contractioas, 
lubricated by shine from mucous glands. The vis¬ 
ceral part of the body largely resides inside the shell, 
which in such an example as tiucdinmi (Fig. 8.]7a,b), 
the common whelk, is helically coiled. 

The head-foot, i.e. the protrusible part of the 
body, can be withdrawn inside the shell by retrac- 
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Figure 8.17 Oastropod mophology shown by Buccinum (Rec.): (a) living animal (x 1 approx.); (b) shell (fusiform); (c) trochoplwt 
lorvo; (d) veliger larva of gastropod, ((a) Redrawn from Cox in Treatise on Invertebrate Paleontology, Part 1.) 
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lor muscles (the only .ittachnicnt ot the soft part to 
the shell) and closed oft' from the outside by a 
j'late-likc trap door (the operculum). 

The mouth contains a rasping jaw (the radula) in 
m lower part, composed ot'a multitude of tiny teeth 
which scrape agaiast a horny plate in the upper part 
ol the mouth to shred food material. Biiatiiuiii has a 
nibubr extension of the mouth (the proboscis) 
which is present in the more advanced gastropods, 
like most snails, the whelk is hermaphrodite, with 
male and lemale organs m the one individual. 

I Htwever, individuals copulate with a complex mat¬ 
ing pattern, involving the use of a very large male 
peim and the expulsion of calcareous darts, which 
jte shot out of special apertures and embedded in 
t the body of the other individual; this apparently acts 
I au snmulating procedure. 

The mantle cavity lies anteriorly and m liiiccinuiii 
I'omiiiiinicates with the external environment by 
means of an inhalant siphon; a tubular organ formed 
Irom a fold in the mantle and occupying an mdenta- 
Ition in the shell margin. Many gastropods do not, 

; Imwcver, have such a siphon, and water is drawn in 
along the edge of the shell. Within the mantle cav- 
iti'lie the gills, anus, mucous glands and also special- 
acd organs (the osphradia) whose function seems 
10 be to sample the water entering the cavity. 

It is characteristic of gastropods that the mantle 
nvitv faces antenorly. Associated with this the 
Btemal organs, including the nervous and pallial 
lyitems, are peculiarly twisted. This internal asym- 
ilttr)’, known as torsion, is ftmdamental to gastro¬ 
pod morphology, and though it has been lost in 
lomc of the shell-less fonns, this return to a more 
nal condition is clearly secondary. 

This curious displacement of the internal organs is 

1 «no way connected with the .isymmctrical coiling 
jf die shell but has a quite dift'erent origin. Many 
^'siions have been proposed to account for it, 
|<ie most generally accepted being that of the 
zoologist Walter Garstang (lO.SI), who has 
»ij;gcsted tliat such torsion gave a singular protec- 
Jvc advantage to the gastropod when in the larval 
We and was retained m the adult where it allows 
tc animal to retract into its shell. 

There arc some coiled monoplacophorans, e.g. 
atwsphai'ra and Sitiuiws, which have reduced the 
amber of muscle attachment sites on the shell inte- 

I jorsothat the frnt muscle scars he half a wliorl back 
bn the specture. This suggests that the visceral 


mass was able to retract deep into the shell. Such 
monoplacophorans as this would seem to be 
pre-adapted for torsion, and it is probable that the 
first gastropods arose from these (Feel, 1980). The 
great success of g.astropods is a testament to the value 
of torsion in allowing ftill retraction within the shell. 
Such a facility may have been acquired indepen¬ 
dently by various groups, and thus the gastropods 
might be polyphyletic. 

When gastropod eggs hatch they tuni into plank- 
tic lirvae known as trochophores (Fig. 8.17c), 
which closely resemble the larvae of certain marine 
worms. Trochophores are very small and more or 
less globular, with a fringe of cilia round their widest 
part and another tuft at the apex. The mouth, situ¬ 
ated at one side just below the ciliary ring, leads to a 
simple gut temiinating in an anus at the lower pole. 
The next stage in larval development is the veligcr 
stage (Fig. 8.17d), during which a thin shell is 
secreted over the upper pcsle and the region under 
the gut becomes e.xpanded into a large sail-like 
velum: a flat bilobed organ covered with cilia 
which propel the vehger through the water by their 
coordinated action. It is at this stage that torsion 
occurs: a rather sudden tsvisting through 18(1°, as a 
result of which the large velum can be withdrawn 
inside the shell in case of danger. Garstang has sug¬ 
gested that the advantage conferred in being able to 
tuck away the velum w.ts so great that the resultant 
displacement and asymmetry of the intenial organs 
w'as a minor price to pay for the safety rendered. (In 
addition to his senoiis papers on the subject, 
Garstang also wrote about his concepts in the 
umisnal medium of comic verse, and his poem How 
the I ’eliger jiot its Twist crystallizes the arguments in a 
memorable fashion). The main problem that the 
gastropods acquired through torsion was that ex¬ 
creta from the anus (located in the mantle cavity) 
would be expelled just over the mouth. In many 
gastropods there are devices that cope with this by 
separating the inhalant and exhalant water. Exhalant 
siphons are present m some, and in others there is an 
indentation (slit-band) in the shell, fonning a chan¬ 
nel through which the exhaled water is carried dor- 
sally away from the shell and head region (Fig. 
8.181). 

The velum of larval gastropods eventually 
becomes the foot upon which the adult glides, by 
the loss of cilia and the development of an internal 
system of longitudin.il muscles which allow very 
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smalJ rhythmic waves of contraction to pass back¬ 
wards along the foot; the lubrication of the gastro¬ 
pod’s passage is assisted by the supply of copious 
slime from the mucous glands. 

Gastropods may feed in a variety of ways. Some, 
such as the muricids arc actively carnivorous and can 
rasp away the shell of another gastropod or a bivalve 
to reach the flesh. They drill a neat, round hole in so 
doing, which may take 24-48 h. They then inject a 
muscle relaxant through the newly drilled hole, the 
shell then opens and they arc able to feed. The old¬ 
est known prcdatorial gastropod drillholes are prob¬ 
ably Devonian (Snuth vl al., 1985) and drilling 
habits have also been recorded in the Carboniferous 
Platyivras, a specimen of which was found located 
directly above a conical hole in the tegmen of a 
crinoid. In this case, however, tlic gastropod was 
probably parasitic rather than prcdatorial. It was not, 
however, until the Lower Cretaceous that such 
drilling became widespread, and ‘forced’ evasive 
adaptations on the prey. Today Murex and related 
genera are the most effective of all the ‘driller 
killers', as they have been memorably tenned. 

Turritellinc gastropods have been extensively 
drilled and ‘peeled’ (i.e. have had their apertures 
broken) by other gastropods from the Late 
Cretaceous until the present day. Yet such predation 
has not apparently forced any evolutionary changes 
in the shells of tumtellines during this time: there is 
no evidence of an ‘arms race’ and predation seems 
to have stayed at much the same level since the later 
Mesozoic (Allmoii li al.. 1990). 

Many gastropods teed on dctntiis or decayed 
matenal. Still others have specialized modes of feed¬ 
ing, such as the coprophilic (faeces-ingesting) gas¬ 
tropods found clustered round the exhalant spires of 
Carboniferous blastoids. 

Classification 

The classification of gastropods is largely based upon 
soft parts. Gill and osphradial morphology is most 
important, as is the structure of the nervous .system, 
heart, kidneys and reproductive system. A con¬ 
densed version of tliat in the Treatise on /nrertehrate 
Paleonrotoi’y is given here, though more recent stud¬ 
ies (Ponder and Wateii, 1988; Haszprunar, 1988) 
present a somewhat dift'erent arrangement. 

SUBCLASS 1. PROSOBRANCHIATA (L. Cani.-Rec.): Shelled 
gastropod.s iii which torsion is complete. 


ORDER I. ARCHAEOGASTROPOOA (L. Cam.-Rec.): Tht 
gills here arc aspidobranch (i.e. have their tilamma 
arranged in a double comb on either side of the axis anj 
arc free at one end). There may be two gills, or one uuv 
be lost. The shell structure is variable; some synunetncil 
fonns exist or arc found as fossils, but the shells are iiiir- 
mally helical spires. Ncarlv all manne; c.g. Ritomplmlm. 
Pleiiralomariii, Patella. Platyceras, Trochus, Madurites. 

ORDER 2. MESOGASTROPODA (Ord.—Rec.); Mainly have 
pectinibranch gills, a much more elaborate and efficient 
system than the aspidobranch condition, which permits 
free flow of water through the inaiulc cavity, Lmnj 
mesogastropods arc classified on radular structure; c.g, 
Slromhiis, ('ypraea, Natica. Cxrilliiiim, Nerinca. 

ORDER 3. NEOGASTROPODA (Cret.-Rec.): The tiicsti- 
and neogastropods are often combined in the single Order 
Caenogastropoda. They have pectinibranch gills. An 
inhalant siphon leads into the mantle cavity, cluracteniti- 
cally with a short or long groove in the shell carrying a 
siphonal mbe antenorly from the shell; e.g, .\lum. 
Buidnum, loliila. Conns. 

SUBCLASS 2. OPISTHOBRANCHIATA (?Carb.-Rec.). M.iriiic 
gastropods which have largely or completely lost the shell. 
They h.ivc undergone detorsion and straightened themselvo 
out. These include the planktonic pteropods and nudibranch 
sea slugs, which carry secondary gills on the dorsal surface. 
SUBCLASS 3. PULMONATA (Mes.—Rec.): In these land- 
dwelling (and secondarily freshwater-dweUiiig) slugs and 
snails, the gills are lost and the whole surface of the nundt 
cavity is modified .is a lung, liberally supplied with blootf 
vessels and kept pcrni.inently moist. The pulmoiiates are th< 
only molluscs that have made a really successful transition ui 
land. Most of them have retained their shells, though ihc 
land slugs have lost them altogether. 

Shell structure and morphology, whicli are all 
that is left to the palaeontologist, arc not gencraUy 
high on the list of criteria for determining correct 
systematic placement. Furthennorc, the common 
tendency for shells of unrelated stocks to acquire 
similar forms through homeomorphic evolution 
causes additional problems. 

Shell sfruedure and morphology 
The shell of a gastropod is basically an elongated 
cone, rarely septate, which may be coiled in a num¬ 
ber of ways. The most characteristic shell shape is i 
helical spire, coiled about an axis, which is usually 
illustrated as vertical. There are some g,istropoi 
with planispiral and hence synunctrical shells. 
Usually the whorls ;ill couch one another, but in 
some cases they do not embrace. Coiling is charac¬ 
teristically dextral but may be sinistral; in very rare 
cases equal numbers of individuals in a population 
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(e) Murchisonia 



(f) Nerinea 




selenizone 


slit 

band 


umbilicus <'> Clabrocingulum 



(m) Euomphalus 


(n) Symmetrocapulus 


8.18 Gastropod shell shapes: (a) Acteonella (Rec.), convolute; (b) Turritella (Eoc.), turreted; (c) Ampullonatica (Eoc.), gbbu- 
or, low-spired; (d) Athleta (Eoc.), volutospine; (e) Murchisonia (Carb.), high-spired; (f) Nerinea (Jur.|, with columella and internal 
lolded thickenings within the whorls; (g) f^yllocheilus (Jur.|, turbinate, with digitate aperture; (h) ^strocopta (Rec ), pupiform, with 
BiMlrict^ aperture; (j| V'ermefus (Rec.) irregular, partially uncoiled; (k) Tibia (Eoc.), turbinate to hiqh-spired, siphonate; (I) 
iwwec/ngu/um (Carb.), showing slit band for exhalant siphon, (m) Euomphalus (Corb.), discoidol, near planispiral; (n) 
ti/melrocapulus (Jur.), patellate. (Mainly redrawn from Treatise on Invertebrate Paleontology, Part I, and British Cenozoic Fossils, 
kilish Museum, 1979; not to scale.) 


Buy be dcxtral and sinistra). Linsicy (1977) lias doc- 
|«ncntcd some interesting comments on tlic geome¬ 
try ot gastropod sliell form. Tlie basic temiinology 
ofgastropod sliclls is given in Fig. 8.17b. It is largely 
^explanatory, as are some of the basic shell forms 
illustrated in Fig. H. 18. 

I It is worth noting that the earliest juvenile w horls 


of certain gastropods (the protoconch) are often of 
peculiar fonn and do not necessarily coil in the same 
axis as the rest of the shell; furthermore, they usually 
have a different surface ornament. 

The external whorls may be ornamented with 
various characteristic features: ribs, spines or vertical 
bars (varices). The aperture may be entire and 
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uiuiiarkcci by any feature (holostomatous) or. as in 
ncottastropod genera, may be equipped with a 
groove which is the outlet for tlie exhalant siphon 
(siphonostoniatous). The siphon may be set in a 
deep slit-band which separates it far from the 
mouth. The calcified strip representing the ‘track’ of 
the slit-band as it is calcified is the selcnizonc (Fig. 
iS.181). In such genera as the sand-dwelling Aporriiais 
and Pliylhchcilits the aperture may be enlarged into a 
flange which helps to stabilize the shell wliile the 
gastropods arc feeding. 

There is a ver^- clear distinction between those 
shells in which the later whorls do not meet cen¬ 
trally, and thus liave an umbilicus, and those in 
which they touch. In the latter case they are welded 
to a central rod (the columella). Likewise, 
high-spired forms, in which the apical angle is low, 
arc very distinct from low-spired genera, which 
have a higher apical angle. The shape of the whorls, 
any unusual coiling patterns, the presence or 
absence of diflerent kinds of external ornament, 
apcrtural shape, and the presence or absence of 
slit-bands or of siphonal grooves are all used in 
classification and identification. 

Shell composition 

The shells of gastropods have an outer homy layer, 
the pcriostracum, below which lies the shell proper, 
a structure normally composed of layers of arago¬ 
nite, though many gastropods, especially those liv¬ 
ing intertidally, have a calcitic outer layer. In fossil 
shells the aragonite either recrystallizes to calcitc or 
may be dissolved, especially where there is leaching 
in the rock. 

Many shells have an inner nacreous layer of 
very thin aragonite le.ives parallel with the internal 
shell surface, each separated by equally thin organic 
layers. External to this is the crossed-lamellar layer 
in which thin lamellae (0.02—0.1)4 mm thick) are 
arranged nonnal to the shell surface, but each 
lamella itself consists of strips of extremely thin 
aragonite, arranged obliquely, the strips of adjacent 
lamell.ic being arranged at right angles to one 
another. 

There are other kinds of shell stnicture in gas¬ 
tropods. all ot systematic importance, but, as m the 
case of the layers described above, they almost 
always disappear in fossils and no trace of them 
remains. 


Evolution 

General features of evolution 
Gastropods must have arisen from a bilaterally sini- 
metrical molluscan ancestor, approximating in gen¬ 
eral morphology to the hypothetical archinioUust 
described earlier. The protection given by tonicm 
and the resultant ability to withdraw inside thni 
shells must have given gastropods a great advantjgr 
for from their first appearance in the Lmvn 
Cambrian they seem to have been remarkably stu- 
ccssful. 

The earliest known possible gistropoi 
(Convspira, Hekionclla) arc found in the Lowd 
Cambrian. They have coiled shells with a wi 
e.xpanded aperture and are planispiral, hence bilater¬ 
ally symmetrical. These very early genera arc iioi- 
mally classified with the early archacogastrupoi 
Suborder bcherophontacea (L. Cam.-Trias.; Fig 
8.16a,b) named after the characteristic genus firs 
lerophon (w'hich was the first Palaeozoic mollusc era 
to be described, by the conchologist dc Montfon 
in 1808). (The systematic position, however, oi 
Families Sinuitidae and Bcllcrophontidac has bcni 
much debated. Specimens of Bcllerophoit somctirafl 
show paired muscle scars and thus this genus and A 
allies arc considered by some authorities more bkek 
to be monoplacophorans than gastropods.) 

Bcllerophontidids have been interpreted (Harptp' 
and Kollins, 1985) as infaunal or semi-infaunal imi 
luscs with the apcrtural region enwrapped by tht 
mantle and possibly also the foot. One fonn, thr 
Silurian Ptcrotheca Irinwrclloiiies (Clarleson I’l ttl., 1W5) 
shows an extraordinary range of fonn within the 
one species. Possibly this represents a survival stnt- 
egy, presenting to intending predators, cspccuHt 
ccphalopods, a mosaic of different ‘search niugc'', 
and thereby confusing it. 

The bellerophontaccans are a most iinpomiii 
group of fossil gastropods, and over 70 valid genen 
have been described. However, some of the 
Cambrian bellerophontiform shells have peculun- 
tics uncharacteristic of the bellerophontaceans » i 
w'hole (Yochclson, 1967), Hcldonella and itsrclatiVQ 
have a simple aperture without any indeiitaaon. 
but all other bellerophontaceans have a pronouiicill 
notch or cmargination in the plane of symmeojL 
There arc other reasons for believing that Hckhh^' 
is not a nonnal bellerophontacean, and som^ 
authorities have suggested that it may luit be i 
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r^iipod at all but rather may be a representative 
of the nionoplacophorans or of an extinct class of 
tlBollusc's. 

Some other Palaeozoic bellcrophontifonn mol- 
ksis. the tij;htly coiled Cyclot-yrtoticlla and the more 
op-shaped TrybliiUiim, have paired muscle scars 
inside the shell and do not appear to have under¬ 
gone torsion; their muscle scar pattern indicates that, 
nihcr than being bellerophontaceans, they are actu- 
illy monoplacophoratis. Hence bellerophontifonn 
shells are not necessanly all gastropods, but such 
snnple morphology rather seems to have been com¬ 
mon in diverse molluscan groups during the earhcr 
Filaeozoic. 

In the Upper Cambrian are found the first 
asyniinetric.al, helically coiled shells, belonging 
to the important archaeogastropod Suborder 
Pleurotoniariina (Cam—Kec.). There is also an 
>(Btclu5ively Palaeozoic suborder, the Macluritina; all 
these early forms are low-spired. Recent pleuro- 
llomanides are ‘living fossils’ in which the grade of 
^organization present in some of the earliest gastro¬ 
pod genera can be seen by direct homology. 

I Intemally the gills of modem pleurotomanids are 
itaiodified (aspidobranch). The reproductive 
airgans are likewise in a relatively prumtive condi¬ 
tion, since the capacity for internal fertilization is 
not present and eggs and spemi are merely shed into 
the water. It was only the development of internal 
itrtilization that rendered possible the later invasion 
nfthe land and fresh waters. 

By Carboniferous times gastropod faunas were 
Vfiy nt h and diverse; indeed it is becoming increas- 
mgly clear that Palaeozoic gastropods seem to have 
ivnipied a range of habitats approximating to those 
of the present day. In one fauna of finely preserved 
Caibonifcrous gastropods, the Visean Hotwells 
limestone fauna of the Mcndip Hills in Somerset, 
Engl.uid, no less than 45 genera and upwards of 
I) species occur m association with a typical 
lower Carboniferous coral—brachiopod association 
(Botteii, 1%()). In this fauna there arc many 
achaeogasrropods (bellerophontids, plcurotomariids 
md limpet-like gcncr.i), but there are some 
tjenogastropods as well; the ancestry of the latter 
can be traced back to the C)rdovlcian. All the species 
ot’the Hotwells Limestone were apparently adapted 
tomicronichcs within their environment. 

There is some evidence of caenogastropods 
oviiig migrated into a non-marine habitat by the 


Carboniferous; a tint invasion of the habitat so 
successfully colonized by the pulmonates much later 
on in the Jurassic and Cretaceous. 

The gastropods were affected, as were most other 
organisms, by the great extinction period at the end 
of the Penman, but they continued to evolve 
throughout the Mesozoic. Many characteristic 
groups of Mesozoic age became very important for a 
wliile, such as the Nerineidae (Fig. S.lbSt). These are 
a family of high-spired Mesozoic mesogastropods 
found in carbonate sediments; in them the inside of 
the spire is thickened by folded calcium carbonate. 
Spiral calcite rods rumiing within the spire may be 
the onginal duct system within the digestive gland 
(Barker, 1990). It has been argued that many ner- 
ineids were infaunal and that since they lived in 
organic-nch carbonate mud, on which they fed. 
they would not have needed the nutrient storage 
units that other gastropods possessed in the spire. 
Hence the space was taken up instead by calcite 
which followed the contours of the digestive gland 
and gonad. The calcite taken m with the food was 
thus conveniently disposed of Other groups, such as 
the gigantic neogastropod Family Strombidae and 
the cowne-shell Family Cypraeidae, appeared for 
the first time m the later Mesozoic. But the real 
acme of gastropod evolution was reached m the 
Tertiary, contmumg until the present, w'lth the 
great success of the long-siphoned neogastropods 
(e.g. Fig. 8.18k) which dominate today’s gastropod 
fauna. 

Gastropods seem to have been a stable and con¬ 
stant component of the manne fauna since early 
times, and may dominate some manne communi¬ 
ties. Freshwater Tertiary limestones m.iy be 
composed entirely of gastropods, and a particular 
long-ranged association of gastropods and ostra- 
codes, usually also with bivalves, is often an indica¬ 
tor of brackish—lagoonal facies. 

Though gastropods arc long-ranged and evolved 
slowly, new stnictural developments allowed 
important advances at different times in geological 
history. The modem vennetids, for instance, are 
gastropods with peculiarly uncoiled shells which 
may live permanently attached to branching corals 
and feed by straining off food particles from water 
passed between the edge of the shell and the oper¬ 
culum. In Vennetiis (Fig. 8.18j) and Vcnnicularici, 
which arc typical examples, two advantages seem to 
be given by such uncoiling (Gould, 1969b). One is 
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rapid upgrowth towards the source of food particles 
raining down as tlctritus from the surface. The other 
is the considerable flexibility rendered possible to 
individuals when growing round obstacles. 

There arc some peculiar Devonian to Triassic 
counterparts of these, especially abundant in the 
Carboniferous; the so-called ■vennifonn gas¬ 
tropods’. They tend to form densely packed bio- 
henns, often accompanied by calcareous algae, 
especially in restneted shallow-lagoonal habitats. 
These, however, are not actually gastropods 
(Weedon, They have an initial coiled bul¬ 

bous protoconch and a unique three-layered sliell 
stmeture. It is possible on the basis of shell 
nucrostructure that they are related to the teutacuU- 
tids (q.v.), and Weedon regards the two as a sister 
group of all other molluscs, having branched ofl 
early in time. 

In early Tertiary times there appeared the 
pteropods, which are small (t. 2 cm) planktonic 
opisthobranchs. These may have thin shells which 
can be coiled or straight; alternatively they may have 
no shells at all. They spend all their lives afloat and 
are important components of the plankton. It is 
often suggested that the pteropods had a paedomor- 
phic origin from floating vcliger larvae, which seems 
an eminently reasonable proposition. Their primary 
geological importance is as one of the main compo¬ 
nents of pteropod ooze in the deep oceans. 

rhe earliest authenricated pteropods came from 
the Eocene; genera described as ‘pteropods’ from 
the Cambrian and other systems are now known to 
be shells of hyolithids, which are extinct animals of 
unknown affinities, unrelated to gastropods. 

Microevolution in gastropods 
Castropods are of limited value in stratigraphy but 
have proved to be important in microevolutionary 
studies. The earliest of these, by Hilgendorf'(1863; 
see Keif, 1983) concerned populations of the fresh¬ 
water planorbid snail Gyrimliis kkiui which became 
isolated in the 3 km diameter meteor-impact crater 
lake ofSteinheim in .southern Gennany. The popu¬ 
lations here were adapted to alkaline conditions. 
There arc clear evolutionary changes here, espe¬ 
cially a general change from flattened to high-spired 
morphology in the middle part of the succession, 
and later a reversal to a low-spired fonn again 
towards the top. It is not easy to establish whether 
or iu)t speciation was allopatric, though even in the 



small compass of the isolated lake this may have 
been possible within different local habitats. 

A now-classic study is that of Gould (1969a; Fig. 
8.19), who elucidated the evolutionary history of 
the Pleistocene pulmonate gastropod genui 
Poecilozoniles which lived in Bermuda during the lad 
300 00(1 years of the Pleistocene; one subspecies » 
living today. 

Fossil shells of this gastropod occur abundantly m 
a sequence of alternating reddish soils and wind¬ 
blown sand, which Gould carefully docuinemed 
The shorelines oscillated through the litn 
Pleistocene, so that islands on which the gastropodt 
lived were alternately partially submerged and iso¬ 
lated, and exposed and hence linked, though oftco 
in different combinations. In his study of the chang¬ 
ing populations throughout this time, Gould found 
that two populations of P. zoiiariis bcnutuU mis, dis¬ 
tinguished primarily by colour banding, lived io 
eastern and western regions and were presumably 
isolated throughsmt most or all of the time. Th«c 
eastern and western P. zoinuus populations formed 
the parent stocks from which other subspecies wett 
derived. There are four derived subspecies; one 
originating from the western P. zonatiis populaDon, 
the other three from the eastern group. The three 
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tlBBti'm forms appeared successively, each becoming 
’Otinct before the appearance of tlie next, and the 
last-produced subspecies is the tme still living today. 
Gould was able to show that all four subspecies arose 
mini isolated small groups on the periphery of the 
I BUin population and thence spread to colonize 
other tcgions: a classic case t>f allopatric speciation in 
ntb instance. He also made it clear that the origin 
ot'cach population was the result of a paedomoi'phic 
and hence instantaneous change, emphasizing its 
role as an important control of evolution. 

, Had the stratigraphical, geographical and mor- 
i pholugical documentation been less complete, it 
1 would have been very easy and tempiting to tit 
l^igctlicr tlie three eastern P. zotutiis subspecies as 
^ pan of a single evolving plexus rather than as three 
ijiutc distinct iterative populations which started as 
pmphcral isolates. 

I Therefore, in order to understand the principles 
Itriiercby population ditferentiation takes place, it is 
It this level of detailed analysis that studies have to 
hf undertaken. 

Williamson (1981) studied a series of lacustrine 
aiolluscan faunas in the late Tertiary of the eastern 
Turkana basin in Kenya. The 400 m of lake sedi- 
TDtnt are punctuated by mappable tutfs which 
proved to be useful in ordering the faunas in 
intigraplnc sequence. The study of bivalves and 
psttopods provided the first fme-scaled palaeonto¬ 
logical resolution of speciation events so that 
Wilhanisoii was able to establish the nature of evo- 
Jitionar\ phenomena in no less that 14 lineages. In 
bis view all the speciation events confirmed the 
'punctuated' equilibrium model; in the perspective 
ol geological time, long periods of stasis alternated 
with short bursts of rapid speciation. Major changes 
Itemed to occur in peripheral isolates during 
Bgre-ssions of the lake. Dunng these times the 
populations, being isolated and under stress, 
lowed considerable phenotypic variation reflecting 
mreme developmental instability. From members 
of such populations new species arose and prolifer- 
Hcd during subsequent lacustrine transgressions, 
lilthougli the Turkana sequence has been accepted 
M ail excellent example of precise palaeontological 
jocumentation, some doubt has been accorded 
Jones, 1981) as to Just how ‘sudden’ the speciation 
tveiits actually were. The “intermediate’ unstable 
fcniis persisted in the Turkana lineages for up to 
5UU0I) years, between very much longer periods of 


stability, and this means as many as 2(M>il(t genera¬ 
tions between stable species. To Jones we owe the 
comment that ‘Depending upon the time scale to 
which the investigator is accustomed, one man’s 
punctuated equilibrium m.iy be another’s evolu¬ 
tionary gradualism’. This is surely a valid comment 
in consideration not only of gastropod evolution 
specifically, but of evolutionary phenomena m 
general. 

At this point, we should mention the teiitaculi- 
toids (Ord.-Dev.), an enigmatic group of conical, 
thin calcite shells, 1-3 cm long, with strikingly 
annulated extenor surfaces. They m.iy or may not 
be molluscs. These have been extensively researched 
by Lardeux (1969) and Larsson (1979) and have 
proved of indubitable stratigrapihic value. Their soft 
parts and life habits remain unknow'ii. 


Class Cephalopoda 

The cephalopods, w'hich are entirely marine, are the 
most highly evolved of all molluscs. Within this class 
arc included the modem Nautilus, the argonauts, 
squids and octopuses, and the extinct ammonoids 
and beleinnites. All modem cephalopods are distin¬ 
guished by having a properly developed head with a 
good brain and elaborate sensory organs; the struc¬ 
tural and functional parallels between the eyes of 
cephalopods and those of vertebrates, which arc so 
well known, serve to illustrate the possibilities of 
evolutionary attainment inherent in the molliiscan 
archetypal plan. 

It may seem remarkable that the highly mobile 
ceph.alopods arc constmeted upon the same basic 
plan that is found also in the headless and mainly 
benthic bivalves. Yet as Fig. 8.1 shows, all the com¬ 
ponents of the archetypal mollusc arc present in the 
cephalopods as they arc in other molluscs. It is 
largely because the cephalopods were able, early in 
their evolutionary history, to develop an effective 
means of buoyancy using the chambered shell that 
they were able to free themselves from the sea floor, 
and colonize the nektic habitat, w'ith its rich food 
resources of actively moving large-sized prey. Their 
evolutionary history and functional morphology 
shows how well they were able to exploit it, for 
they are nearly all active carnivores and, other than 
fish, the most accomplished swimmers in the sea. 

There have been considerable difficulties in 
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classifying ccphalopods, especially in erecting large 
natural categoncs. 

The segregation of the cephalopods into two 
broad divisions, Tetrabranchiata and Dibranchiata, 
erected by Owen in 1832 and based on gill mor¬ 
phology, has now been abandoned. Whereas many 
authonties (e.g. Donovan, ld64; Teichcrt, 1%7) 
prefer to divide cephalopods into several subclasses, 
others (e.g. Holland, 1987) recognize only two, the 
Ectocochlia (cephalopods with external shells) and 
Coleoidca (ceph.ilopods with internal shells). Dzik’s 
(1984) ckassification in which three subcla.sscs are 
proposed (Nautiloidea, Ammonoidca and 
Coleoidca) is followed here. 

SUBCLASS NAUTILOIDEA (U. Cani.-Rcc.): Shell (phragnio- 
conc) external (cctocochliatc), straight, curved or coiled, 
chambered with siiiiple sutures; siphuncle central nr subccn- 
tral. often of complex fonn. Four gills present. 

SUBCLASS AMMONOIDEA (L. Dev.-U. Cret.); Shell external; 
coded, often ribbed, chambered with complex sutures, 
siphuncle ventral or nearly dorsal, ot simple fomi. CjIU num¬ 
ber unknown. 

SUBCLASS COIEOIDEA (?Carb.-Rcc.). Shell intenial. straight 
or colled, siphuncle may be lacking. Two gills present. 


Subclass Nautiloidea 

Nautilus (Figs 8.1, 8.20, 8.21a-e) 

The only living ccphalopod genus with a coiled 
external shell is Niuitilus, of which there are six 
living species confined to the Indo-West Pacific 
fiunal province between the Philippines and Samoa 
(Saunders and Landman, 1987; Ward, 1987). The 
Niiuliliis shell, some 20 cm in diameter, is planispiral 
and ornamented externally with a radi.il colour 
banding of irregular and bilaterally symmetneal 
orange—brown stripes. This shell is divided into 
intcmal gas-filled chambers (or cainerac) by septa, 
concave towards the aperture; the animal resides in 
the last chamber (body chamber) and moves for¬ 
wards each time a new septum is secreted. A single 
tube (the siphuncle) p.isses through the centre ot 
each septum and connects the chambers. Each sep¬ 
tum meets the inner wall of the external shell along 
a slightly curved line (suture line). Fossil Nautilus 
and its relatives are usually preserved wnth the shell 
dissolved and the chambers filled with spar or 
matrix. In such cases the position of each sepnim is 
marked by a suture line. Growth is very rapid in liv¬ 
ing Nautilus, new septa being emplaced about every 
2 weeks on average. The living animal itself is sepa¬ 


rated by a fluid cusliion from the last septum. Tlit 
soft parts can be considered (cf. Fig. 8.21b) as twii 
separate units: (1) the body, which is fully enclosed 
by the mantle and contains the viscera and the man¬ 
tle cavity with its contents, and (2) the head-toot, a 
cartilage-supported structure with 38 tentacles siir- 
roundmg the mouth with its homy, parrot-iikr 
jaws. The eyes are placed laterally on the head-foot. 
The dorsal part of the head-foot, above the tenn- 
cles, has the fomi of a hood which noniialiy 
extends some way up the shell. This has a tougk 
warty outer skin, so that when the tentacles art 
withdrawn tor protection the hood closes the ajiei- 
ture, presenting a largely impenetrable and iimnvii- 
ing surface to any predator. The full extent ol tile 
unretracted hood is marked by a black film on the 
shell, only exposed when the hood is closed down 
over the tentacles, below the tenUcles is tlit 
hyponome or funnel; a long tubular structure 
which can be turned m any direction. 

Nautilus swims by jet propulsion; water ententlie 
mantle cavity through a slit-like inhalant pasup 
and, passing over the four gills within the miuiile 
cavity so that respiratory exchange is effected, n 
squirted through the hyponome by the coiitracnon 
of powcrfiil muscles of the hyponome. (Unlike 
scpiids the mantle of Nautilus does not have ithimu- 
lar walls, and the musculature is confined to a spfr 
cialized sac: the branchial chamber.) As in otlio 
ccphalopods there is a coordinated system ofrhvdi- 
mic flow by means of which water is pumprd 
through the mantle cavity w'ith fairly gentle regub 
movements. Nautilus also has an escape reactwii 



Figure 8.20 Living Nautilus pompilius (x 0.25), from a uholii* 
graph. 
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involving a violent ctintraction of the branchial 
chamber, so chat the animal literally jumps out of 
the way ot any predator; an equivalent mechanism 
m squids is often accompanied by the emission of 
ink into the water through the hyponome from an 
ink sac within the mantle caviry. This biological jet 
propulsion is the standard means of locomotion in 
ccphalopods. 

Nmitilus, being a mobile feeder, has a highly- 
organized brain coupled with good sense organs and 
a complex behaviour pattern. When hunting, 
Wviriliis spreads its outer tentacles in a ‘cone of 
search’, but when it captures food it uses the inner 
tentacles to handle it. flic focid, which consists 
mainly ot large crustaceans and fish, is cut up by the 
beak and stored in an expanded oesophagus prior to 
being passed to the stomach and digested. 

Xauiilns has a rather complex reproductive par¬ 
tem. The sexes are separate; testes and ovaries are to 
be found at the postenor extremity of the body. 
Dunng copulation the male transfers a ball of sperm 
(spcrmatophorc) to the mantle cavit>' of the 
female using a specially adapted erectile group of 
tentacles (the spadix). The fertilized eggs arc large 
and tlic juveniles of Wuitiliis hatch at some 2S rnni 
in shell diameter with about seven chambers already 
present. Other ccphalopods normally have only one 
modified tentacle (the hectocotylus), but their pat¬ 
terns of display, courtship and copulation arc often 
quite complex. All species of Wuttiliis have alternate 
periods of rest and activity. Individuals are active at 
night, and during the day they sink to the sea floor 
where they rest with the hood pulled down and 
almost covering the eyes. 

THE SHELL OF NAUVLUS 

The shell ot NiUitiliis is made of aragonite in a con- 
chiolin matrix. It consists of two main layers: the 
outer porcellanous ostracum and the inner nacreous 
layer. The outer layer is formed first and grows 
from the mantle at the edge of the shell, beginning 
as aragonite seeds in a conchiolm matrix; these 
become larger and closely packed together as they 
grow into vertical prisms. The inner nacreous layer 
is later deposited by the mantle in a series of films; 
rather like the nacreous layer of bivalves it consists 
of a brick wall structure of hexagonal aragonite 
ciystals with conchiolin layers between them. The 
septa have fundamcnt.illy the same structure. An 
empty N/uitilm shell (Fig. S.21a) shows short back¬ 


ward-pointing septa] necks piercing each septum 
ventrally. in life these carry the siphuncle: a sin^c 
strand of living tissue extending from the body Ui 
the protoconch and carrying a rich blood .supply, 

BUOYANCY OF THE SHELL IN NAUTILUS AND OTHER 

CEPHALOPOOS 

Since the whole success of the ccph.ilopods has been 
so intimately bound up with their possession of 
buoyant shells, it is appropriate to consider how 
modem ccphalopods of different kinds actual))- 
aciiieve such buoyancy. 

The researches of Denton (l^bl, 1*^74), Denton 
and Chipin-Brown (1966), Ward and Maitin (1478) 
and others have shown clearly that the buoyancy of 
ccphaloptids works on a quite different principle 
from that of fishes, in fishes the swim bladder con¬ 
tains gas at an equal pressure to that of the surround¬ 
ing sea; in deep-water fishes the internal pressure of 
the swim bladder can be enonnous. 

In contrast, the shells of ccphalopods such ji 
Wiiitilus and the squids Sepia and Spirilla (which 
have internal shells; Fig. 8.2If,h) all contain gas at j 
pre.ssure of less than 1 atm, and neutral buoyancy JI 
different depths is achieved not by pressure equaliza¬ 
tion but by density control. In both IWiiiriliis and 
Sipia the chambers contain gas at pressures ranging 
from about U.3 atm in the more recently foniied 
chambers to about 0.8-U.9 atm in the older cham¬ 
bers of the shell. The living Nautilus is slightly nega¬ 
tively buoyant, i.c. heavier than sea water. In 
immature specimens the chambers contain a fait 
amount of liquid, the canieral water, but in fully 
grown shells the volume of c.iineral water is very 
small. It h.is been removed by extraction via the 
siphuncle. Although it was formerly believed tlut 
the animal could rise or sink in the water by 
short-tcmi secretion or extraction of canieral liquid, 
it has now been shown (Ward, 1979) that this opet- 
ation takes pl.ice only very' slowly. In the living 
Naiililiis only the more recently formed chamben 
contain liquid, anci this is present m diminishing 
amounts from the newest to the older chamben. 
Thus the chambers beyond the tenth from the body 
chamber are empty of liquid. 

It is the siphuncle that extracts this liquid. The 
siphuncle (Fig. 8.21 d,c) consists of two parts: the 
iinpcmieable septal necks, and the permeable strands 
between them (siphonai tube). This tube has on 
inner core of living matenal with arteries and veins 
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i ninning the whole length of it, with a cylinder of 
epithelial cells. Outside this is a horny tube of con- 
j chiolin fibres, and suiTounding this again is a con- 
' centric tube of irregularly arranged aragonite 
crystals. A very thin external pellicle of conchiolin 
i completes the ensemble. Where the siphuncle joins 
\nth the sept.il necks the horny tube becomes con¬ 
tinuous with the nacreous material of the neck. 
Both the aragonite and homy layers arc very porous 
and pemiit the passage of liquid through them. 
There is also a thin layer of scattered aragonite crys¬ 
tals on the concave wall of the septa, which acts like 
blotting paper and renders the wall vvettable and so 
able to retain the cameral liquid. In tenns of its ten¬ 
sile strength, the siphuncle has been likened to ‘a 
I prden hose loaded intemally by water pressure and 
[l intenially supported against squinniiig inst.abilicy by 
the septa’ (Hewitt and Westemiann, 1*^86, 19H7). 

The body of Nautilus is in contact with the sep¬ 
tum during the time the latter is formed. Eventually 
the body moves away from the last septum and is 
leparated from it by a cushion of liquid. When a 
I new septum is formed it encloses a chamber which 
Initially retains all this liquid. However, when the 
leptuin IS fully formed and is strong enough to with- 
Kaiid the pressure of the sea, the siphuncle begins to 
pump out the liquid, leaving only a small residual 
jmount which is reduced in salt and hypotonic to 
tea water. This pumping process works by osmosis, 
but the water actually in the siphuncle at any one 
time may be ‘decoupled’ from that in the chamber, 
<0 that the actual w'ork done is not very' great. G.-is 
very slowly diffuses into the space left, which may 
explain why the gas pressures m the most recently 
bmied chambers are low. Nautilus cannot adjust its 
buoyancy quickly. It may take weeks to make a full 
idjustnient since the ma.ximum rate of liquid 
|lcmoval is no more than l.(.) ml day '. The cameral 
(liquid-phragmocone system may be used for 
kmg-tenn buoyancy changes but not as an aid to 
tcracal movement. Cameral water is needed to sup¬ 
port each septum as it is being formed, and it also 
lets as a reservoir of liquid ballast which, as the ani- 
Dul grows and increases in weight, is steadily 
imacted. In adults the little remaining cameral liq¬ 
uid IS used only for maintaining a slight negative 
(buoyancy. When Nautilus migrates upwards in the 
Mter column at night in search of food, it does so 
bi' hyponomic sw'imming alone. 

When the Nautilus squirts water through its 


hypononic, the shell docs not go into a spin, since 
the centre of gravity is located a few millimetres 
directly below the centre of buoyancy (i.e. the cen¬ 
tre of gravity of the displaced water). This imparts a 
remarkable stability to the shell, and it would need a 
very strong couple to turn the animal on its side or 
through 90°. 

Nautilus is unlike any other living cephalopod 
since it can live at remarkably low oxygen tensions 
(Wells et al., 1992). It nomially inhabits relatively 
deep water, m or close to the oxygen-mimimim 
layer, growing slowly and using only a limited 
amount of energy. Tins enables it to avoid competi¬ 
tion with fast-moving fish and squid in the upper 
waters of the sea; it has an optimal depth range of 
150-300 m, swimming above the sea floor as a 
rather generalized, slow-moving scavenger or canii- 
vorc. Nautilus only pays brief nocturnal visits into 
the fish-dominated zone above, and is very rarely 
found above 75 m. 

A final point concerns the depth to which the liv¬ 
ing Nautilus can sink before the shell implodes. The 
shell is very strong and rigid, and experiments have 
shown that an adult shell would not implode until a 
tensile strength of 131 MPa was applied, corre¬ 
sponding to a depth of 700-830 in. Newly hatched 
Nautilus shells, however, would implode at a depth 
of only 300 m (Hewitt and Westermann, 1987), the 
List septum being the weakest part. With age the 
animal is able to go down to greater depth, and 
although there are reports of living individuals ven¬ 
turing to depths approaching implosion limits, this 
is rare. 

Evolutionary diversification 

GENERAL CONSIDERATIONS 

The earliest known cephalopods are the small curv¬ 
ing shells of Plectroiioaras from the Upper Cambrian 
of China (Fig. 8.5). They are endogastric, with mar- 
gm,il, empty siphuncles. Where these occur they are 
very rare, but at a slightly higher horizon there is 
evidence of a modest adaptive radiation. Towards 
the end of the Upper Cambrian, how'ever, there 
was a phase of e.xplosive radiation (which included 
the first ellesmeroceritids) and which Holland 
(1987) regards as ‘a late phase of the initial metazoan 
radiation, m which perhaps a new combination of 
physiology and morphology took its niches in the 
animal world’. From such ancestors came the very' 
many Ordovician genera so common m the fossil 
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Figuw 6.22 Time ranges and abundance of the three cephalopod subclosses. (Modified from Dzik, 1984; House, 1988.| 


record, for the early Ordovician was marked by a 
further evolutionary explosion of cephalopod gen¬ 
era. These had mainly straight (orthocone) or 
curving (cyrtocone) shells and were generally of 
much larger size than their little Cambrian ances¬ 
tors. From the one original order, the Endoceratida, 
there arose by the early Middle Ordovician many 
other orders, which persisted through all or part of 
the Palaeozoic (Fig. 8.22). 

The latest of the orders to appear, in latest 
Silunan or early Devonian time, was the Nautilida, 
in which the living Natiiiltis is classified. 

Most of these Palaeozoic cephalopods became 
extinct by the end of the Pennian. only the coiled- 
shell Nautilida surviving through the Mesozoic to the 
present. The decline of Palaeozoic cephalopods seems 
to bear some relationship to tlie success of their prog¬ 
eny, namely the ammonoids, and especially to the 
ammonites of the Mesozoic, though as in all such 
cases of apparent ‘takeover’, many factors are involved 


and direct competition is not necessarily the only 
issue. One factor may be that the anunonites were 
exceptionally well adapted for resisting implosion it 
die deptlis they inliabited. Another is that they 
became ecological specialists invading a great iiuny 
niches, unlike the comparatively unspecialized scav¬ 
enger, Nautilus. Yet the anunonoids became extiiictat 
the end of the Cretaceous and N'autibis did not 
Ammonoids were very much die prey of fishes and 
marine reptiles and there are plenty of bite-iiiarb on 
their shells to prove it (Martill, 1990), but then theitn 
no reason why nautiloids should not have been so too, 
Holland’s (1987) suggestion that hatching size nuy 
have been important seems cminendy reasonable, The 
young Nautilus hatches as a 25 nmi animal ininiedi" 
ately able to take up the deep-water foraging lile styk 
of its parents. Ammonoids, on the other hand, had 
tiny hatchhngs, much more vulnerable to the colli|* 
of the planktonic ecosystem which they inhabited, X 
the end of the Cretaceous. 















Principal fossil groups 235 


Classification 

ORDER 1. ENDOCERATIDA: I'riinitivc luutiloids vviih a wide, 
vtiitral, ryliiidriral sipininck' and a straight to cndogastrically 
coiled shell |lncludcs Suborders El.LESMEIkEOCER- 
MINA (short septal necks with thick connecting rings), e.g. 
,Hlf.nHfric'f«rii5. Hiitliiiuverds, I’Uctwnoceras, and ENOO- 
CER.ATINA (very long sepul necks vvliich may intrude the 
previous septum: ventral sipliuncle fiUed .ipically with 
'conc-iii-cone' structures — endocones), e.g. Endoferas, 
Mourn.] 

ORDER 2, TARPHYCERATIDA. E.\og.istric.illy coiled shell, elon- 
gjtcd bodv chamber, cylindrical siphuncle, large protoconch; 
e.g. Tarphyccras, Dtsiwerns, Trocholite^. 

ORDER 3. DISCOSORIDA. Endogastncally curved, compressed 
shell, with veiitr.ll siphuncle and iiiHated connecting rings; 
e.g. Diicosonis, Pliraginiuerii>. 

ORDER 4. ONCOCERATIDA. Mostly exoga.smcilly curved 
ihclls, ventral siphuncle with iiiHated connecting nngs and 
ihon living chamber; e.g. Oucoceras, Richiirdsonoferas, 
Puilmenxam. 

ORDER 5. ORTHOCERATIDA. Straight to weakly curved shell 
»idi suhccntral siphuncle, In some extreme fomis the shell 
may be short or exogastncally spirally coiled and with the 
aphuncle ventral to dorsal. [Includes SUBORDERS 
OkTHtICERATINA (long straight shells with transverse 
ornament ventral siphuncle and inflated, embryonic part ol 
ihcll inflated, living chamber long, subcentral siphuncle, 
conneenng ring, cyhiidncai to slightly inflated), e.g. 
Orthwfmi, Micltcliimi'ws, Ascocnas, CycUxrras (Dzik includes 
the BACTRITIDA here); LITUITINA (subcentral, cylin- 
dncal siphuncle with long septal necks, apical part ot shell 
oogastrically coiled, liinnel sinus narrow and deep), e.g. 
Uliim, SiiKhCMs; ACTIN0C:ERAT1NA (siphuncle with 
considerably inflateii connecting rings and with well devel¬ 
oped caineral deposits in radial blocks, large protoconch, 
long straight shell, siphuncle towards ventral side), e.g. 
.Irtinofcras. liiiyoiiiitHrr<i.i. \ 

ORDER 6. NAUTILIDA. Exog.istrically coiled, moderately elon¬ 
gated shell vs’itli narrow subcentral siphuncle. Larval devel- 
1 opnieiit within egg capsule, no planktonic larval stage. 

[Includes SUBURDERb CENTROCEILATINA (Early 
1 PjLeozoic), e.g. (.A'lirrocenu, Trochoccras; TA1NOCEB.A- 
I TINA (Late Palaeozoic and Triassic), e.g. Veslinaiililui-. and 
N.MJTILINA (post-Trussic) e.g. Naulilus. Aiiirij, though 
: these cannot be satislactonly diagnosed due to frequent 
botneomorphy]. 

Geological history (Fig. 8.21) 

The post-Cambrian nautiloids arc very diverse and 
ibundint and often quite differetit in shell shape 
from the livinj; NMtilus. As in their sole modern 
representative, the suture lines, as seen in internal 
moulds, are nearly always straight or slightly curving 
I ind arc very rarely more complex. On this and 
other factors even the planispiral nautiloids can 
readily be distinguished from the anunonoids. 


Only a few of the Palaeozoic cephalopods have 
planispiral shells. The majority are of either cyrto- 
cone or orthocone shape. These may be very elon¬ 
gate (longiconc) or short and rather swollen 
(brevicone). It has been generally assumed that all 
fossil cephalopods with straight or curved shells 
were ectocochlear, i.e. that the shell was wholly 
external to the body. The X-ray photographs taken 
by Stiinner (1970) of certain genera from the Lower 
Devonian Hunsriickschiefer show' very clearly that 
in some cases there were living tissues, including lat¬ 
eral fins, external to the shell. Some of the ortho¬ 
conic Palaeozoic cephalopods were apparently 
ancient squids, precursors of the later beleinnites. 
However, at present, with only the 
Hunsriickschiefer ‘window’ to look through, it is 
not known how many of the Palaeozoic orthocones 
W'ere really endocochlear, for in Stiimier's pho¬ 
tographs both internal- and external-shelled kinds 
are evident. 

Nautiloids are classified on various characters, but 
perhaps the most important are the fonn and 
.rrrangement of the various siphuncular structures. 

Modern Nautihis (Order Nautilida) has only 
septal necks with which to support the siphuncle. In 
the ancient groups there are a variety of other struc¬ 
tures, some of them of very complex fonn, and in 
particular there are often stmetures within the 
siphuncle itself (endosiphuncular structures). 

In CTrder Endoceratida the shells are either ortho- 
cones or cyrtoconcs and the siphuncles are usually 
broad and norinally marginal, and most genera have 
nested endosiphuncular conical sheaths or altenia- 
tively radial lamellae runiung the length of the 
siphuncle. 

Order Orthoceratida, wliich persisted into the 
Triassic, arc usually straight-shelled and have simple 
septal necks with only thin connecting rings, and 
sometimes endosiphuncular structures. 

Representatives of Suborder Actinoccratina all 
have orthoconic shells. The septal necks arc short 
but h.avc inflated rings betw'ecn them, within winch 
is a delicate and complex system of radial canals. 

Some orthoccratid genera have shells ot decidedly 
odd form, such as the Ordovician Uluires (Fig. 
8.23h) in which the early chambers arc coiled 
and the rest of the shell is a rapidly expanding 
orthocone. 

Even stranger are the shells ot HiWrt’ra.s and 
Ghssoceras (Fig. 8.23f). In these the shell consists of 
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two quite distinct parts. The First-formed part is a 
small, rather standard orthocone or slightly curving 
cyrtocone, with a thin straight siphuncle. This is 
sometimes found joined to a much thicker, swollen 
brcvicone where the internal structure is luglily 
modified. In this the siphuncle is short and confined 
to the apical end. with inflated connecting rings; 
firoiii it the highly modified sigmoidal septa are 
formed to enclose large chambers located in the 
dorsal part of the shell only, above the body cham¬ 
ber. The two parts are very rarely found together, 
and it is generally .accepted that the longiconic por¬ 
tion was deciduous and thrown away when the ani¬ 
mal was mature. Probably a change in mode of life 
was involved; it is quite likely that the juvenile shell 
was a iiektobcnthic animal whereas the mature asco- 
cerid, which had shed its early stage, was an active 
oektoiiic hunter. 

The great diversity m shell fonii in the Palaeozoic 
ccphalopods, other than in these bizarre examples, 
gave rise to a formerly held conception of a gradual 
increase in coiling from the straight to the fully 
coiled condition. This, however, is an incorrect 
view, for each shell fonn, even if of unusual appear¬ 
ance. is fully adapted to its own particular mode of 
life, and buoyancy adaptations in particular have 
been a primary evtdutionary control. 

Occasionally circular structure composed of 
two large, synii .'trical lateral plates and a triangular 
dorsal plate arc found in .issociation with ortho- 
tones. T his aptychopsid has been found resting 
within the shell aperture in a few specimens from 
the Silurian of Sweden, and is surely a protective 
npcrculum though probably not a jaw structure. 

figure 8.23 Morphology of fossil 'nouliloids': (a) Protero- 
awneroceros (Endocerotoideo; L. Ord.; x 0.4); (b) Voginoceras 
lEndocerotoidea, M. Ord,), with endocones wilhin the siphuncle, 
ood bng septal necks (x 0.35); (c) octinoceratid morphology, 
ihail and siphuncle partially dissected (x 1 approx ); (d) 
Campyloceras (Orthoceratoidea; L. Carb.; x 1); je) Michel- 
inacera! (Orthoceratoidea, Ord.-Trios.), with long septal necks 
ond comerol deposits (x 1), (f) Clossoceras (Orthoceratoidea; 
Sil.; xl .8), showing three growth stages - (i) juvenile cyrtocone, 
|ii) truncated cyrtocone with 'oscocerid' portion growing and 
|iii| mature ascocerid which has shed the cyrtocone part; 

E Pentomeroceros (Nautiloidea; Sil), an ovoid form with modi- 
J aperture (x 0.75); (h) Lituites (Nautiloidea, Ord.) proximal 
port, partially coiled (x 0.35); (j) Hercoglossa (Palaeocene), 
vilfi 'goniatitic' sutures (x 0 35); (k) Lobobactrites (Dev.) 
Wissenbocher Schiefer - an X-rodiogroph of an endocochleor 
tioutiloid of total length 65 mm. [The photograph in (k) is repro¬ 
duced by ccxjrtesy of W. Sturmer.] 


It is generally accepted that most orthoconic 
ccphalopods were free-swimming forms carrying 
their shells in a horizontal position. Some esbdcncc of 
this comes from the rarely preserved colour markings 
that occur on the dorsal side of the shell only and 
appear to have been a kind of camouflage. But more 
unportantly, the internal struemres of the shell also 
indicate a horizontal position. Within the shell, as 
mentioned, there are endosiphuncular deposits. 
There arc also regularly shaped masses of calcareous 
material known as cameral deposits (Fig. 8.23c—e). 
These cameral deposits were secreted progressively 
from the apical end as the shell grew; they are con¬ 
centrated near the apex and developed less and less in 
the chambers nearer to the aperture. Together with 
the endosiphuncular deposits, they must have given 
extra W'eight to the apical end throughout die growth 
ot the shell, thus allowing a continued equilibrium in 
a liorizontiil structure, with the centres of buoyancy 
,md gravity staying close to one another (Flower, 
1957). Only oithoconic and cyrtoiiic shells have 
cameral deposits, since in the coiled shells of tlie 
Nautilida and Ammonoidca the two centres lie in the 
same vertical plane so that the problem of stability is 
solved another w.iy. Frcsum;ibly, as in the modem 
Naulilus, all Palaeozoic ccphalopods had some kind of 
siphuiicular buoyancy control, and a slight change in 
density would have cn.ahlcd the living animals to rise 
or sink. The swollen, egg-shaped shells of Order 
Oiicoceratidac (Fig. 8.23g) are quite common in the 
Ordovician and Silurian. They may have floated with 
the long axis vertical but with the apcmirc down¬ 
wards, searching the sea floor with their tentacles. In 
these the aperture is often constricted into a number 
of sinuses which take up their final shape only in tlic 
adult (Stridsberg, 1981, 1985). This may have been 
essentially a protective device. 

By calculating the septal strength index for 
Palaeozoic iiautiloids, Wcstcniiaim (1985) was .able 
to show that various types were adapted to diflerenr 
depths, below which they would implode. Thus in 
the later Silurian of Bolicmia there are (1) hrevi- 
coiies which were probably cpipelagic and generally 
restricted to depths of c. 35—150 m, (2) longicoiies 
with thin, closely spaced septa, living at less than 
300 m depth and (3) longicoiies with thick, widely 
spaced septa which could h.ivc witlistood depths 
ot < 1100 m. Likewise, tlie Carboiiifcrous 
Mkhclinoceras has a strengthened shell which would 
not implode until a depth of I 125 m. 


I 
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Several ‘Orthocer.is’ limestones have been 
described (e.g. in Morocco, Scandinavia and 
China), in which there are vast concentrations ot 
orthocone shells. These may be the results ol mass 
mortaht)’ after mating, or salinity changes in the 
water. A very few orthoconic nautiloids surv'ived 
into the Triassic, but otherwise only the coiled 
fonns of the Nautilida carried on. The elaborate 
siphuncles of the other orders are never found here; 
there is only a thin, subcentrally situated siphuncular 
strand. Most Nautilida, e.xcept for some late 
Palaeozoic cyrtoconcs, have coiled shells which may 
be involute or evolute. Involute shells have the last 
whorl entirely covenng all the former whorls; in 
evolute shells the fonner whorls arc all visible. 
Sometimes there is external nbbing or even spines 
in the post-Palaeozoic genera, and occasional fomis, 
such as the Triassic Clymenonautiliis and the early 
Tertiary Hercoglossa (Fig. h.23j) and Aturia, have 
sutures reminiscent of the goniatites of the 
Carboniferous. 

Subclass Ammonoidea 

Cephalopods of Subclass Ammonoidea (Dev.- 
Cret.) and especially the Mesozoic forms known in 
the vernacular as ‘.ammonites' are amongst the most 
abundant and well known of all fossils. Their beaii- 
tiftil planispiral shells, often strikingly ornamented 
with external ribbing, have been aesthetic trc.asurcs 
to innumerable collectors. Yet to stratigraphers their 
usefulness transcends their visual attraction, for by 
nature of their rapid evolution, abundance and 
widespread distribution they are the most valuable 
of all fossils for zoning the rocks in which they 
occur. They have proved of special eftcctivcncss in 
the Triassic, Jurassic and Cretaceous .vystems, where 
their high turnover ot species h.is made it possible to 
erect zones equivalent to time periods of less than a 
million years’ duration. 

The ammonoids may have been derived tfom the 
Hactritoidea: a straight-shelled cephalopod subekass 
which ranged through the Palaeozoic; the shells of 
these have a bulb-like protoconch and marginal 
siphimcle, arc very similar to those ot ammonoids in 
all respects other than coiling, and like them have 
no camer.al deposits. 

A complete morphological series tfom the Lower 
Devonian Hunsriickschieter ot the German 
Khineland allow's a structural sequence to be traced 
from straight fonns to loosely coiled and then to 


tightly coiled ammonoids. All ot these have, other 
than m their degree of coiling, virtu.iUy identical 
structure, and it is in cephalopods such as these that 
the ancestry of ammonoids should be sought 
(Erben, 1966; Chlupac, 1976). 

How ammonoid shells differ from those of other 
cephalopods (Fig. 8.24) 

In the ammonoids, except m certain peculiar genen 
known as heteromorphs, the shell is planispirally 
coiled. Some Palaeozoic nautiloid shells also have 
this form, but these usually have a central perfon- 
tion which is absent in all ammonoids except some 
of the early ones. The suture line normally followii 
complex pattern; each suture marks the junction of 
a septum with the inner surface of the shell wall, and 
the array of suture hnes is visible in nc.arly all 
ammonites since the aragonitic shell readily dissolves 
in di.agencsis. If an individual ammonite septum on 
mould of it is c.xaniined in face view (i.e. as il look¬ 
ing down the aperture), it appears flat or slightly 
curving in the centre but becomes increasingly 
frilled tow.ards its point of attachment to the 
shell, where it becomes the suture. In the earlier 
ammonoids, of Devonian and Carboniferous time, 
the sutures are often simple zigzags, but from the 
Triassic to the Cretaceous the complexity ot the 
ammonoid suture is considerable. 

In most aiiunonoids the siphimcle is situated near 
the outer margin (venter). One order, the Uppei 
Devonian Clymeniida, is rypntied by a dorsal 
siphuncle ruiuiing along the inner margin of the 
shell (dorsum); in this gi'oup too the septal netks 
are retrochoanitic (backwardly pointing), as in nau¬ 
tiloids, and very long. This contrasts with the niosi 
advanced anuiionoici condition, where the septal 
necks are short and prochoanitic (directed 
forwards). 

Whereas the shells of coiled nautiloids are often 
unoriiamented or have only a feeble extenial sculp¬ 
ture, anunonoid shells are frequently ribbed, .indthc 
ribs may have knobs, tubercles or spines; in very 
compressed forms there m,iy be a keel. In such gen¬ 
era as the Jurassic Kosmoccras such developments ate 
carried to an e.xtrcine, and in addition lateral lap¬ 
pets are present on either side of a compressed aper¬ 
ture (Fig. 8.25). Such lappets arc restricted to 
microconchs. 

Such primary difl’erences in morphology clearly 
distinguish ammonoids from those ot nautiloiA. 
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figure 8.24 (aH^) Manficoceras (U. Dev.), a goniatite exempliF/Ing ammonoid structure; (a) ventral view; (b) cross-section; (c) lat- 
ndview with shell partially removed, showing internal mould with sutures (all x 0.7); (d) suture line; (e), (f) Mimagoniafihes (L. Dev.), 
iive 7 early goniatite with perforated umbilicus and exposed phragmocone - the shell is partially removed to show chambers; (e) lat¬ 
eral view (x 5); (f) suture line, [(a)-(d) Redrawn from Miller ond Furnish and (e), (f) after Schindewolf, all in Treatise on Invertebrate 
Pahontology, Part L.] 


NonnaUy the soft parts of ammonoids have been 
considered to be basically similar to those of nau- 
nloids, and anunonoid reconstructions have been 
nude very largely on this basis (e.g. Fig. 8.21b). Yet 
It IS generally held (Engescr, 1906) that although this 


picture is generally correct, the biological affinities 
of ammonoids arc closer to coleoids (dibranchiate 
cephalopods such as squids, cuttlefish and octopuses) 
than they are to Nautilus. Radulae have been 
found in a few ammonites (Nixon. 1996), and these 
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(a) fagesia (cadicone evolute. depressed) 


(b| Dimorphinitas 

Isphaerocone) 


(e) Longobardites (oxyconel 


(g) DIplocaras 


(a) Spinlkosmocaras 


(d) Calocaras (serpenticone 
planulate) 


(f) Grossouvria 


Figure 8.25 Shell shape and morphology in ammonites: (oHd) nomenclature of different shell shapes; (eHg) apertural modifioo' 
tions (lappets and spines) in Jurassic ammonites. (Original drawing by E. Bull) 


have seven teeth in each transverse row, as in 
the Kecent dtbranchiatc eephalopods, whereas 
Nautilus has nine. In additioti, amnionoid upper 
jaws, where known, cuirespond eloscly with those 
of recent octopuses; furthermore, there arc known 
amnionoid ink sacs, which the Recent Nautilus docs 
not have. Such evidence, tliough admittedly slen¬ 
der, suggests that ammonoids and coleoids stand 
rather close together phylogenetically, whereas 
Nautilus may be more distantly related. 

Morphology and growth of the ammonold shell 
Amnionoid shells are charactcristic.-dly tightly coiled 
in a plamspiral fashion. They form rollcd-up cones 
of which the earlicst-fonncd part is a sm.ill bulbous 
elhpsoidal protoconch. This was probably initially 
inhabited by a planktonic larva. The protoconch is 
usually located m the centre of the shell, but in 
occasional early forms (e.g. Fig. 8.24c) the coiling is 
looser so that there is an umbilical perforation 
between the protoconch and the first whorl, like 
diat of the early coiled nautiloids. The septate part 
of the shell (phragniocone) usually grows in a log¬ 


arithmic spiral from the protocoiich, but in somt 
Palaeozoic genera the shell shape may be curiousi) 
quadrilateral or triangular. As the shell grows from 
the aperniral end the siphuiiclc grows w-itli it, The 
siphuncle starts as a small bulb (the caecum) witlun 
the protoconch; it is initially thick relative to the 
first-foniied chambers and may wander about in lb 
position. After the first one or two whorls, liow- 
ev’cr, it settles down into its adult, normally ventral 
position, occupying relatively less space as the shfO 
grows. 

The septa were probably secreted in rapid growth 
episodes, like those of Nautilus, followed by restinp 
periods, .and the part of the shell where the animal 
actually resided (body chamber) grew progressivelv 
further from the centre during the spiral growth of 
the phragniocone. 

There arc several useful tcmis for describing the 
final fonu of the shell (Fig. 8.25). Those shclt 
which arc involute have the last whorl covenng J 
the previous whorls; in evolute shells most or all of 
the previous whorls are exposed. The umbilicus 
which is the concave surface on each side throiigli 


wl 

de 

H.1I 

CO 

kIc 

(li 

ma 

ten 

wh 

.act 

ver 

ma 
arc 
a be 
01)1 
the 
wh, 
at 

bet' 

1 

nidi 

spill 

ot r 

cl.is; 

moi 

cou 

the 

cepi 

tion 

resp 

nine 


Figure 
Trias.) 
In Tret 


1 






Principal fossil groups 241 


which the spiral axis runs, may be almost flat or 
dccplv excavated. The shell may be of normal rather 
tfcttcned form (planulate), very compressed (oxy- 
conc), very fat and inflated (cadicone) or almost 
globular (sphaerocone). 

Some ainmonoids have pronounced ventral keels 
(Fig. h.25a), which may be blunt or sharp. The keel 
may have a single, double or triple parallel ridge sys¬ 
tem, running along the venter. In cross-section the 
“whorK may take many forms, which are often char- 
ictcnstic of particular ammonoid families and thus 
very useful in taxonomy. 

The outer surt'ace of an ammonoid shell is usually 
jiurked by faint growth lines, but in addition there 

S jTf usually nbs, radially arranged and projecting 
Jibove the surface. T liere are so many patterns that 
only a few can be illustrated here. Some ribs go over 
the venter; others are interrupted; some are straight 
(whilst others curve or branch; they may be united 
I It nodes; and shorter ribs may be intercalated 
Ijietween longer ones. 

Tubercles may erupt on points on the ridge or be 
independent of them; they may be prolonged into 
ipiiies or united by Hat nodes. The external pattern 
of ribs and associated structures is of great value in 
ffldassification and identification, but since homeo- 
,hnorphv IS always a possibility, their use must be 
' coupled with that of other characters, particularly 
(he nature of the suture. [Most illustrations of fossil 
cephalopods, including those here, follow tradi- 
ij tional practice and show the shell upside down in 
* Bspect to its living position. It would actu.illy be 
much more sensible to illustrate them as they were 


in life (Stridsberg, 1990); this probably will be done 
in future. I 

The curious compression of some ammonoid 
apertures, and their frequent omamentation by lap¬ 
pets or spines, have already been meiitioiicd. Some 
of the more peculiar forais are illustrated here (Fig. 
8.25e), but these are unusual and the majority of 
ammonoid apertures, and especially those of 
Palaeozoic genera, are simple like those of nau- 
tiloids. 

In ammonoids of vanous kinds the body chamber 
may be long or short, as discussed in the section on 
buoyancy. 

Ammonoid suture (Fig. 8.26) 

Most ammonoids arc preserved as internal moulds, 
and in these the junctions between septa and shell 
walls show up clearly as suture lines, which in 
ammonoids are always more complex than in 
nautiloids. 

In the early ammonoids (Devonian ;md Carbon¬ 
iferous) the sutures were nonnally of a fairly simple 
fomi and kick accessory crenulations, but by 
Pennian times some genera were showing more 
complex sutures of a kind that reached their full 
flowering in the Mesozoic, when genera with 
extremely complex sutures were the riomi. 

To clarify’ ammonoid suture morphology, the 
sutures are usually represented graphically. 
Neglecting surface convexity of the anmionoid 
shell, the sutures are drawn from the venter to the 
umbilical seam (the e.xtcrnal suture) and thence to 
the dorsum of that septum. Involute ammonoids 


(■) Neoglyphloc^ras 


(b) Meekoceras 


(c) Puzosia 


Id) Oxynotharas oxynotum 





I figure 8.26 Suture morphology in ammonoids; (a) gonioHtic suture {Neoglyphioceras; L. Corb.); |b) ceratitic suture {Meekocerai; 
Trias.); (c) ommonitic suture (Puzosia; L. Cret.); (d) sutural ontogeny in Oxynoticeras oxynotum (Jur.). (Modified from various authors 
in Tivolise on Invertebrate Paleontology, Part L.) 
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have a distinct intemal suture, but in the evolutc 
fonns die intenial suture is small and insigniheant 
and is noniially not drawn. Since the full suture is 
symmetrical about the dorso-ventral axis only half a 
septum is nonnally drawn. Because no account is 
taken of the surface convexity, the suture diagram is 
only a projection, which can never be entirely accu¬ 
rate, but this is unimportant for purposes of compar¬ 
ison of ditferent suture lines. Such diagrams are not 
only useful for comparing the sutures of diderent 
species and genera, but .also essential in tracing the 
changes in sutural morphology throughout the 
growth of an individual, which has various uses. 

In drawing a suture the venter is shown on the 
left-hand side with an upwardly directed arrow 
pointing towards the aperture; the umbilical scam is 
shown as a cun’iiig line, and another vertical arrow 
marks the dorsum on the right-hand side. 
InHectioiis on the suture line pointing upwards (the 
apenural direction) are the saddles (easily remem¬ 
bered since a horse's saddle faces forwards), whereas 
the backwardly pointing inHections (facing down¬ 
wards on the diagram) are the lobes. 

The suture is most important in taxonomy; 
particular kinds of sutures characterize distinct 
ammonoid families and arc very useful in classifica¬ 
tion and identification. There are some broad and 
general temis defining ammonoid groups, based on 
sutural morphology, which are often used to charac¬ 
terize difterent grades of organization. Thus the 
goniatites arc Palaeozoic amtnonoids with sharply 
angular and generally zigzag sutures, without any 
accessory creiuilations. Not all ammonoids with 
such sutures arc goniatites; there are some unrelated 
Mesozoic genera with similar sutures. In the Tnassic 
ceratites the lobes arc frilled though the saddles are 
entire. Some curious Cretaceous genera (pseudo- 
ceratites) have similar sutures. The Mesozoic 
ammonites all have finely subdivided and complex 
lobes and saddles, though there arc also some 
Penman ammonoids with sutures of this kind. 
Though there is thus a general stratigraphical 
increase in sutural complexity, the progression from 
goniatite through ccratite to ammonite is not, how'- 
ever, a direct phylogenetic line. 

In many Palaeozoic and Mesozoic ammonoids 
the ontogeny of the suture has been worked out 
(Fig. 8.26d), normally by breaking off the chambers 
one by one as far as the protoconch anti drawing the 
sutures as the inner whorls are exposed. The early 


sutures in all ammonoids are tar less complicated 
than the later ones, and the whole history of devel¬ 
opment of a mature suture can be traced using senal 
diagrams of successive sutures. Such ontogenetic 
series have several uses. They have been used, for 
instance, to distinguish homeomotphs in which the 
mature suture in two distantly related ammonoids 
looks similar but has been arrived at ontogenctically 
in quite ditferent w'.iys. 

Perhaps the greatest value of sutural ontogeny is 
in unravelling phylogenics. especially in Pal.icozoir 
fonns, for in these ammonoids the earlier stages in 
development of an ‘advanced’ suture closely resem¬ 
ble the mature septa of a more primitive ammonoid 
type. I hus ancestor-descendant relationships can be 
postulated, and phylogenics have been drawn up on 
this basis which have later been shown to hold tirni 
in the light of more evidence. 

Lturing ontogeny, in Palaeozoic and Mesozoic 
genera, primary lobes and saddles appear early, and 
nonnally the first and second lateral saddles arc very 
distinct. Though these persist into adult suture, 
adventitious lobes or saddles may appear in 
between the primaries and eventually grow as large 
as the pnmaries themselves. The only way to distin¬ 
guish which is which is then to trace them back to 
the earliest ontogenetic stages. 

In the ammonites, where the suture reaches its 
maximum complexity, the lobes and saddles are all 
crenulatc, and the saddles all have accessory lobes. 
The tenninology of all these, as given in Fig. 8.24d, 
becomes rather complex. Some rather peculiar 
sutures are present in a few Mesozoic genera. In cer¬ 
tain examples each mature suture is apparently tnin- 
catecd against the one in ffont, though in fact the 
‘missing’ parts continue below the preceding sep¬ 
tum. Septa may be asymmetrical, and even ta.xo- 
nornically unstable within the one genus. 

Siphuncle, suture and buoyancy 
Ammonoid shells are always thinner than the shells 
of NaiUihis, their siphuncles arc ventral (except m 
(frder Clymeniida), the septal necks are iionnaDy 
prochoanitic in anunonoids and rctrochoanitic in 
nautiloids. and the septa in ammonoids are usually 
conve.x, not concave, towards the aperture. 

It is generally held that ammonoids achieved 
buoyancy in much the same way as does Aaiifiluj 
and that the fluted septa amongst other ftinctiora 
may h.ive increased the strength of the shell so that it 
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was able to resist implosion at depth, but to be more 
specific tlian this, and most particularly to be able to 
perfonn mathematical analysis, various other factors 
must be known, including the nature and composi¬ 
tion of the siphuncle, to see if the shell could have 
functioned like that of Wmtilus. There is good evi¬ 
dence from rare unaltered specimens that calcium 
phosphate is the primary constituent of ammonoid 
siphuncles, though juveniles have more calcium car¬ 
bonate and probably the phosphatization was pre¬ 
ceded by a calcitic stage. The calcitic outer tube of 
Saiililus IS missing. Now in certain Mesozoic 
ammonites the strength of the siphuncular tube 
(against explosion) has been calculated. Needless to 
ay, the tube strength is an important linutation on 
depth. The relative strength index (li/r) X 10(1, 
where h is the wall thickness and r is the tube radius, 
has been calculated for several Mesozoic 
ammonoids, and it is most interesting to see that 
twv orders, I’hylloceratida and Lytoceratida, have a 
■mength index like that of Nitiililus {h/r X 100 = 
1(1-19), whereas their derivatives the Ammonitida 
have a significantly' lower value (3—6.5). This infor¬ 
mation accords with the recognition that the 
Phylloceratida and Lytoceratida were deeper-water 
groups, whose denvatives repeatedly invaded shal- 
bw water by a cl.issic process of iterative evolution. 
The calculations show that the Phylloceratida and 
lytoceratida could withstand a water column of 
lome 450 in, about the same as that of Nautilus^ 
diercas Order Ammonitida could probably not 
witlistaiid depths of more than 100 m. Other data 
which have been used in attempts to infer bathyme- 
liyin ammonoids, sucli as the thickness of the shell 
wall and of the septa, have not proved so usefiil 
mcc the relationships involved are very complex 
md elude simple analysis. 

There has been much discussion of the function 
rt’the complex ammonite septum. Many authorities 
Mieve that the primary function of the convoluted 
icptal periphery was to give the shell e.xtra strength, 
4im preventing implosion at depth. Ammonite 
ibells are thinner than those of nautiloids and the 
^rally convex) septum would help to sustain 
(roiig pressures because of its Hutiiig. Moreover, 
btcause ot this internal buttressing shell shapes other 
kn die standard ovate shell, such as that of 
Sjutilus, are possible. The view that ammonite 
Btures hiiictioned mainly as pressure resistors seems 
iBSonable, and is the model preferred by Raup and 


Stanley (1971) and by Kennedy and Cobban (1976). 
One problem, however, is that beyond a certain 
level of comple.xity, increased septal fluting 
decreases the angle between septum and shell. Thus 
the shell of an anunonite with a very complex 
suture may be more prone to damage through 
bending stresses than one with a less complex 
suture. 

Several alternative functions have been proposed, 
which involve physiological rather than structural 
necessity'. How, for example, could the ammonites 
h.ive maintained a secure attachment of the body 
muscles to that shell during episodic forward 
growth? Were these muscles attached to the .septal 
flutings, and if so might the latter have increased the 
surface area and thus provided a better attachment? 
Or was the principal function of the septum to 
spread the effects of hydrostatic pressure evenly 
across the shell? Were the septal flutings consequent 
upon the fomi of the organic template from which 
it was calcified (initially fonning a viscous finger 
pattern), itself just a by-product of geometric 
necessity? Or was the function of the fluted septum 
connected with the removal of cameral liquid? 
Possibly some or all of these are valid if partial expla¬ 
nations. A recent review of this whole issue, based 
on physical and engineering principles (Hewitt and 
Westermann, 1986, 1987) stresses the adaptation of 
ammonoid septa to resist hydrostatic loading, which 
could be applied both via the body chamber of the 
thin shell wall. The relative influence of each of 
these would depend upon (1) habitat depth, affect¬ 
ing hydrostatic pressure, (2) whorl profile, affecting 
stresses in the shell wall, and (3) the actual size of the 
whorl, which would affect bending stresses in the 
shell wall and the fluted septum. Thus a circumfer¬ 
ential support function is primary for the ammonoid 
suture, and it must have operated in the earliest 
growth stages too, as would be necessary in swim¬ 
ming animals adapted for offshore breeding. 

In cephalopods generally, and undoubtedly in 
ammonoids, the main adaptations were concerned 
with establishing an effective, neutrally buoyant 
poise of the living animal in the water. Such struc¬ 
tures as nodes, ribs, tubercles and spines, as well as 
septal approximation in mature individuals, may 
have been concerned with fine-scale trimming of 
the poise. Perhaps paradoxically, external ornamen¬ 
tation can actually reduce drag, by introducing tur¬ 
bulence into the boundiry layers, as with dimples 
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on a golf ball. The hydrostatic adjustments of the 
ammonuid shell, in general tenns, probably worked 
as in Ntmtilus, as did hysteresis mechanisms which 
allowed changes in liquid within the chambers to 
take place comparatively slowly. This permitted 
short-term excursions into difterent levels of the sea 
and automatic return to the starting level (Ward and 
Martin, 1^78; House, 1981). 

Sexual dimorphism (Fig. 8.27) 

The question of whether or not ammonoids were 
sexually dimorphic has been debated at great length 
for a very long rime. As early as I8fi9 Waagen, one 
of the early German palaeontologists, pointed out 
that in amiiionites of Family Oppeliidae (Order 
Ammonitina) there were apparendy two parallel 
phylogenetic lineages developing throughout the 
Middle and Upper Jurassic. Furthermore, he found 



Figure 6.27 Sexual dimorphism in Jurassic ommonites: (a) 
Perisphincles (ArisphindesJ ingens and (b) Perisphincles 
(Dicnokmosphinctes) rotoides, both from the same horizon in the 
Corallion (x 0.15, these are probably dimorphs); (c) 
Grophoceras covofum end (d) Luawigina cornu, a Bajocian 
dimorphic poir (xO.65). (Redrawn from Collomon, 1963.) 


that in some ammonites pairs of ‘species’ could b: 
distinguished, differing only in the character of then 
outer whorls; the nuclei could not be told ap.in 
Waagen, however, did not believe that sexual 
dimorphism could be invoked as an explanation, 
and it was nearly lot) years later that Callomon 
(1963) and Makowski (1963) convincingly dcmiin- 
strated the criteria that could be used in establishiiif 
dimorphism unequivocally. Since then nuns 
Mesozoic dimorphic pairs have been clearly identi¬ 
fied, and there arc sporadic records in Palacoztiic 
ammonoids too (Davis et ill.. 1996). 

In trying to work out dimorphic pairs it is essen¬ 
tial that all the ammonite shells studied are nuniit 
specimens, i.e. adult shells in which growth lud 
ceased. Such maturity in ammonite shells is iiiarlced 
by (1) crowding (approximating) of the List tcu 
septa, due to diminishing growth rates; (2) a chaniy 
in the external sculpture near the aperture - the nb- 
bing may be different, or the aperture may be 
constricted or marked by lappets or honis; and (J 
some slight uncoiling of the body chamber fronitht 
rest of the shell. Not all these features are found in 
any one aininonite, and indeed some of them nit 
confined to one sex only; nevertheless, the prescnct 
of only one or two such characters will enable i 
mature shell to be distinguished. Most aiiinionoid 
shells found are in fact mature, and in specimciii 
collected from the same bed mature shells of the 
same kind .are normally very much alike in size. 

When mature shells from the same bed and lool- 
ity are separated into 'species’, they often come out 
into two quite distinct groups, without intermedi¬ 
ates. These are distinguished pnmarily by size, oix 
group being two to four times larger than the otha 
so that the two kinds are generally referred to is 
microconchs and macroconchs. In inicroconcto 
and macroconchs from the same horizon, the inner 
whorls arc normally indistinguishable and only the 
outer whorls differ in number, size and inorpliol- 
ogy. If there are any peculiar features of the aper¬ 
ture, these are nonnally found only in tht 
microconchs, whereas the macroconchs have siniplt 
apertures, and the more extreme cases of dcuch- 
inent of the body chamber from the preceding 
whorl are likewise charactenstic of the microconds 

It is theoretically possible that the appiarcnt scxuil 
pairs are merely closely related taxa living in thr 
same place at the same time, but since in such lin¬ 
eages new characters (such as modifications of exto ; 
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nal sculpturing) appear in both groups at the same 
time, then sexual dimorphism appears to be the only 
likely possibility. Mowever, all these criteria have to 
be used with caution in inteq^reting ammonoid 
populations, for they do not always, by any means, 
occur in pairs; the expected f>():.S() ratio is only 
sonictirnes tound, and in some cases the vanation 
within a population collected from a single locality 
may be enonnous. Hence we have to agree with 
Lehmann who adjures us ‘to be extremely 

carchil when it comes to maintaining sexual rela¬ 
tionships between hitherto blameless ammonites’. 

It is hard to know which morph is male and 
which is female. Some authors have considered the 
question so academic as to be unanswerable; others 
have suggested positively that the inicroconch is the 
nule, and the macroconch the female. Niiutiliis 
shows httle diinoq-ihism (the male is somewhat 
larger and broader) and is thus no great help, but 
some Mesozoic nautiloids have been described as 
clearly dimoqthic. 

Since all known dimorphic pairs were originally 
described as separate species, what should be done 
with them taxonomically when they arc recognized 
» diinorpliic? Should dimoqihic ‘species' be 
gtouped together under the one name as true bio¬ 
logical species, or should the established names con¬ 
tinue in use as ‘inoiphospccies’? 

Undoubtedly the former practice is more techni¬ 
cally correct, but the latter is perfectly admissible if it 
is clear that we arc talking about ‘moqihospecies’ and 
not biospccies, and it docs have the advantage of 
fyeater Hcxibility. For the moment, palaeontologists 
ire divided on this question, though the definition of 
true biospccies appears to be gaining ground. 

Ammonite jaws 

Commonly found in a.ssociation with Mesozoic 
immonites are paired calcitic plates known as 
aptychi, which superficially resemble bivalves 
(Fig. 8.21c). Aptychi arc usually scattered on bed- 
dmg planes where ammonites are abundant. Where 
the aragonitic shells of the ammonites are crushed, 
li in so many Jurassic shales, the calcite aptychi 
retain their original, slightly curving relief. 
Sometimes no ammonites arc found, only aptychi, 
where the aragonite shells have been dissolved com¬ 
pletely. Rarely aptychi have been found inside body 
, chambers of ammonites, meeting like double doors 
ind pamally fitting the shape of the aperture. 


There is no question but that these were part of 
the ammonite, and Traulh, working in the 1930s, 
was able to establish that difl'erent types of apts'chi 
belonged to different ammonite groups. It was his 
view, at that time, that aptychi were some kind of 
opercula. 

There are also anaptychi, which consist of a sin¬ 
gle plate of chitin or other organic matcnal, nor¬ 
mally flattened and in a butterffy shape. Anaptychi 
arc confined to sediments of Upper Devonian to 
Lower Jurassic age, at which time the earliest apty¬ 
chi appeared. The last aptychi are found with the 
last ammonites at the end of the Cretaceous. Just 
what the aptychi were and how they functioned 
remained a matter for some dispute, though most 
palaeontologists believed that they were opercula 
and that anaptychi were some kind of jaw stnicture. 
Lehmami (1967, 1971a,b, 1979) f'maily settled the 
nature of these structures by studying exceptionally 
well-preserved material and in particular by making 
serial sections. He showed conclusively that the 
anapytehus is a lower jaw, originally V-shaped but 
usually preserved flattened and spread out. In addi¬ 
tion there is a beak-like upper jaw of the same 
homy material, very similar to the jaws of modern 
coleoids. It is usually preserved crushed on top of 
the anaptychus and had not previously been noticed 
as a separate structure. Aptyxln. according to 
Lehmann, are calcareous deposits which have 
grown on the external (ventral) surface of the lower 
jaw, as a pair of thickened plates, and these did not 
develop, evidently, until the Lower Jurassic. 

Lehmann's interpretations have been confinned 
and extended with the discovery of complete jaws 
in other Jurassic and Cretaceous ammonites. In all of 
these the jaw stnicture is relatively like that of octo¬ 
puses, but there is one important difference, namely 
that the lower jaw is very large; in relation to body 
size It is about four times larger in the ammonites 
than in any modern coleoid. To what extent this 
was related to the ammonites’ diet (probably 
slow-moving live animals and carrion) is quite 
unknown. It now seems likely that aptychi func¬ 
tioned lioth as lower jaws and as opercula (Lehmaiin 
and Kulicki, 1990). This would certainly have been 
possible if the anunonite's lower jaw was relatively 
mobile when feeding, with most of the biting work 
done by the upper jaw. 

Not only do ammonites possess jaws but also a 
radula, like that of other molluscs with semed rows 
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of teeth. It is set in between the jaws. Such radulae 
were first discovered in Carboniferous goniatites 
from Brazil in 1967, but have since been found in 
several genera ofjurassic ammonites. 

Phylogeny and evolution in the Ammonoidea 
(Fig. 8.28) 

The following orders have been distinguished m the 
Subclass Ammonoidea. 

ORDER ANARCESTIDA (L. Dt-v.-Ptmi.): Basic aminonoid 
stock, ventral retrochoantic siphunclc, bulb-likc protoncli, 
often with perforated umbilicus, simple sutures. 

SUBORDER BACTRITINA (U. Sil.-Pemi.): Ortho- or cyrto- 
conc, probably ancestral to all other anunonoids; e.g. 
liact rites. 

SUBORDER AGONIATITINA (L.-M. Dev.) Loosely to 
tightly coiled, transitional between bactritids and early 
goniatites; c.g. Aneloceras. 

SUBORDER ANARCESTINA (L.—U. Dev ): Serpenticone to 
globular-involute, simple wavy .suture; e.g. Maenioeeras, 
Anarcestes. 

SUBORDER GEPHUROCERATINA (M.-U. Dev.); Serpenti- 
cone to involute, more complex suture; e.g. Maniieoceras. 


ORDER CLYMENIIDA (U. Dev.): The only aminonoid group 
with a dorsal, marginal siphunclc; they may have “goniaotK’ 
sutures. 

SUBORDER GONIOCLYMENIINA (U. Dev.): The shdl » 
often triangular ui lateral view; c.g. llWkluHiau, 
GoniiKtymenia. 

SUBORDER PIATYCIYMENIINA (U. Dev.): Sutures iisiuU) 
simple, involute or evolute; e.g. Clyfiiriiin, Plalyilyinrtiu 
ORDER GONIATITIDA (M. Dev.-U. Perm.). Amnionoids willi 
ventral marginal siphunclc, usually prochoanitic, goniatitic 
suture of eight lobes. 

SUBORDER TORNOCERATINA (U. Dcv.-Clarb.; e.j 
Tomoceras, Cheilcceras, Giitlemioifia) and .SUBORDER 
GONIATITINA (mainly Carb.; c.g. (aiiu'adto, | 
Eumorphoceras, (^strioeeras, Popjnoceras) are dtstinguisW 
primarily on the sumre. 

ORDER PROLECANITIDA (L. Carb.-U. Penn.): Shell sniootll 
with large umbiheus. vcutral. margiiial, rctrochoaoit* 
siphuncle, sutures goniatitic to ceratitic; c.g. Pivlamilts, 
Mcdliiottia. 

ORDER CERATITIDA (U. Penn.-U. Tnas.): Shell often highly 
ornamented, ventral prochoanitic siphunclc, ceratitic sutiw, 
but some sutures attain great complexity. This order undff> 
went a dramatic radiation in the Triassic; e.g. Cer/mUi, 
Xcnodiscus, Ts^orites, Pinactxeras. 

ORDER PHYLLOCERATIDA (Trias.—Cret.) Smooth or wcaklf 
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Figure 8.28 Evolutionary pattern of ammonoid orders, suborders and superfamilies. (From House, 1988.) 
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ornamented shells with a characteristically phylloid suture; 
typically involute. A very persistent stock; c.g. PliYlhcems. 
ORDER LYTOCERATIDA ()ur.-Cret.): Evolute, loosely coiled, 
often with ‘flares’. Sutures complex, not phylloid; c,g. 
Lytiveriu. 

ORDER AMMONITIDA (L. Tna,s.-U. Cret.): The true 
ammonites of the Jurassic ami Cretaceous, with typical 
ammomtic suture. Nomially coiled and often dimorphic; 
c,g. AsterMcriis, Dcmcras. fairdiiveriu. Pcrisphindis. 
SchliTfithaihia, HoplUes. 

ORDER ANCYLOCERATINA (Cret.) An entirely Cretaceous 
order, including nonnally coiled fomis, but also all the 
Cretaceous heteromorphs; e.g, Dfshiiyesites, Turrililes. 
dnty/ikCMs, Sciiplnles. 

The earliest ammonoids arc of Lower Devonian 
igc. They belong to an ancestral stock., Order 
Anarccstida, which may have been derived from the 
straight-shelled Suborder Bacrritina (Erbcn, 1966), 
In both groups there are similar, almost straight 
sutures, and there is a large bulbous protoconch 
which is accommodated in the Anarcestida by a per¬ 
forate umbilicus. Nevertheless, other early genera 
do not have the perforate umbilicus, and there very 
tipidly arose more ‘advanced’ features, such as invo¬ 
lution of the shell and increased sinuosity of the 
sutures leailing to the goniatitic condition. All the 
tiriy forms have ventral rctrochoanitic siphuncles, 
but a second Palaeozoic order is distinguished from 
ill other ammonoids by a dorsal siphuncle. In this 
order, the Upper Devonian Clymeniida, the shells 
may be involute or evolute, and the sutures are 
§oni.ititic. The third of the Palaeozoic orders is the 
Goniatitida, which includes by far the majority of all 
Palaeozoic fonns. All these have a prochoanitic 
siphuncle, apart from a few primitive genera, and 
typical goniatitic suture lines. 

These Palaeozoic groups continued throughout 
(be Devonian and Carboniferous and into the 
Permian, but they underwent many crises as they 
did so. During the latest Devonian, in particular 
die goniatites very nearly became extinct and 
only the genus Tonum'ms survived to give rise to the 
(teal radiation of Carboniferous goniatites. By the 
Upper Pennian the goniatites went into a final 
decline. Then, at the end of the Pennian. as hap¬ 
pened with so many groups, widespread extinction 
the rule, and only a very few genera belonging 
10 Order Prolecanitida crossed the Pennian-Triassic 
boundary. 

Shortly after the beginning of the Triassic the few 
Pemuan survivors gave rise to a vastly succcssfiil and 


‘explosive’ adaptive radiation. The Tna.ssic 
ammonoids nearly all belong to Order Ccratitida, 
which has several supcrtamilics. They arc broadly 
known as ‘ccratitcs’, and indeed in most members 
the suture is some variant on the established ceratitic 
suture theme, though the c.xtcmal oniamciit 
became quite complex in some groups (c.g. 
Superfamily Tropitacca, whose members are gener¬ 
ally ornamented with strong ribs or nodes). 
However, a ccratitic suture is not characteristic 
of all Ccratitina. Indeed, as has often been pointed 
out, the suture in Pinacoccras (Superthmily 
Pinacoccratacea) reaches a degree of ‘ammonitic' 
complexity barely rivalled by that of Jurassic or 
Cretaceous genera. A few peculiarly coiled ‘hetcro- 
morphs’ are known. 

In the early Triassic there also arose the ammonite 
stock that was to give rise to all post-Triassic 
ammonoids. This is Order Phylloccratida, an almost 
smooth-shelled group with a characteristic ’phyl¬ 
loid’ suture (Fig. 8.29a). 

The history of this order is interesting, on 
account ot both its stratigraphical persistence (it 
continued until the Cretaceous) and its remarkable 
conservatism. Within the group there was extraor¬ 
dinarily little evolution, but its evolutionary' off¬ 
shoots became the very divene ammonites of the 
Mesozoic. 

From the PhylloceraticLi there arose another per¬ 
sistent order, Lytoccratida (Fig. 8.29b), which origi¬ 
nated around the Triassic—Jurassic boundary. 
Though the main rootstock genera (such as 
Lytoceras) in parallel with the Phylloccratida became 
little diflcrentiated, they produced a greater number 
of radiations than did the parent Phylloccratida. 
Both the Phylloccratida and Lytoccratida produced 
radiating lineages, but the phylogeny is so complex 
and the difficulties in reconstructing phylogeny are 
so great that in many cases it is not known for cer¬ 
tain which of the parent stocks gave rise to which 
descendants. Hence the taxonomy is unclear, and 
ammonite students have normally retained a poly- 
phyletic (or ‘ragbag’) Order Ammonitida to accom¬ 
modate them, more as a matter of convenience than 
for scientific accuracy. 

The patterns of evolution illustrated in Fig. 8.28 
have been described as iterative evolution, in 
which an ancestral stock from rime to time gives rise 
to short-lived groups which replace each other suc¬ 
cessively. These new groups expand and diversify- 



Figure 8 29 (a) Phyllocerai, an Upper Triassic phylloceraHd from the red limestones of Hallstatt, Austria (x 0.7). The shell hos been 
removed and the surface polished to show the body chamber (filled with brecciated debris) and sutural patterns, picked out by 
tollization within chambers. This group represents the rootstock of all post-Triossic ammonites, but itself remained very conserratfa' 
(b) Lykxeras fimbriatus (L. Lias.) from Lyme Regis, England (x 0.35), a representative of one of the two deep water stocks from which 
many Ammonitina arose, ((o) Reproduced from a photograph of a specimen in the Royal Scottish Museum.) 


for a wliilc, but they arc geologically speaking 
ephemeral and in due course become extinct. The 
niche they vacate is then occupied by descendants ot 
the same long-lived ancestral stock. Bayer and 
McGhee (1984) show how in southern Germany 
‘similar directional changes m the physical environ¬ 
ment are nurrored by similar morphological changes 
in the anunonite faunas’. 

The two ancestral orders, Phylloceratida and 
Lytoccratida. continued throughout the Mesozoic 
and gave nse to siiperfamilial side branches (the 
Eoderoceratacea, Hildoceratacea. etc.). Each of 
these dominated the scene for a while and during its 
‘little hour of grace’ constituted a miniature adaptive 
radiation, rapidly producing short-lived families so 
that the phylogenetic tree resembles the prongs ot a 
toasting fork. Iterative evolution as shown by the 
Mesozoic ammonites has also been described under 
the well-chosen term ‘the palaeontological relay’. 

On the whole the ammonoids form a rather 
homogeneous group based upon a common con¬ 


structional plan from which there were relatively 
few deviations (e.g. clymeniids and heteroinorphs) 
Within specific lineages many evolutionary trends 
have been documented, in the shape ot the shell, its 
ornament, the suture lines and even in size and raoo 
of sexual dimorphs (Swan, 1986; Dommergues. 
1990). Though the adaptive significance of these 
frequently chides analysis, there is very often a cleat 
relationship between trends and heterochrony 
demonstrating here, as in so many other instances, 
the importance of this phenomenon as an evolu¬ 
tionary control. Because ot the rapidity ot tuniover, 
wide distribution, abundance and ease of recogni¬ 
tion of the ammonites, they are of outstanding zonal 
value. 

Evolution in the Cardioceratidae 
Ammonites provide some ot the best examples of all 
evolutionary lineages. The rapidity at which they 
evolved, their abundance and ubiquity, and the 
diversity of morphological characters which they 
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present make them especially amenable to this kind 
of analysis. The history of the Jurassic Family 
Cardioceratidae, whicli spanned 20 Ma, is particu- 
Idy mstructive (Callomon, 1985). In early Jurassic 
tunes, the northern continents clustered round an 
jlmost landlocked lioreal Sea. This sea was only 
iporadically colonized by anunonites in the Lower 
and early part of the Middle Jurassic, and then in the 
Upper Bajocian, descendants of the Pacific Ocean 
genus Sphacrocerits found their way into the other¬ 
wise uncolonized Boreal Sea. They were the first 
members of the Cardioceratidae, a family which 
Kmaincd broadly in the circumpolar Boreal habitat 
and evolved in isolation, often in the absence of 
other ammonites, until the abrupt extinction of this 
group at the top of the Lower Kimmeridgian. 

I The evolution of this family can be traced 
through 28 zones and 62 subzones, the latter 
approximating some 250 000 years each m duration, 
i Most interestingly, all of the 100 car so .issemblages 
that have been described .ire monospecific, which 
Bakes it easy to distinguish evolutionary lineages, 
ind also dimorphic pairs. Within some species, 
.well as Qiienslcdloariis lamhcrti, there is an e.xtaordi- 
iur\' range of intraspccific variation, embracing 
arirtually the wliole range from cadicone to oxy- 
■tonc, bur most other species are of low vanability. 
^Throughout the evolution of this group, shapes and 
J 12 CS change, and characters such as ribs and keels 
)(corded and uncorded) may come and go; indeed 
■tirtually the whole range of sculpture and shell 
dupes found in the ammonites as a whole arc 
flicountered in the Cardioceratidae. Some morphs 
ire remarkably similar to those of the earlier Liassic 
Family Amalthidae. Thus the evolutionary history 
tf the Cardioceratidae is richly documented in 
Boderii terms. However, there remains a problem. 
Quite simply, why did these changes take place? We 
jwt do not know. There is no clear evidence of 
Tthat kinds ot selection pressures forced diffcrciit 
WHphologies, if indeed they did so at all. As 
Callomon coimnents ‘we now know rather pre- 
tisely how the Cardioceratidae evolved, but not 
why’. 

Heleromorphs, extinction and habitat in 
mmonites (Fig. 8.30} 

it IS a well-known fact that at certain periods in 
yologic.il history some groups of ammonites 
Solved shells ot highly aberrant form. Such shells 


are known as hctcromorphs. Some appeared during 
the late Triassic, some in the Jurassic, and there 
was a more extensive development of heteroniorphs 
during the later Cretaceous. Heteroniorphs may be 
loosely coiled with the whorls wholly or partially 
separated, e.g. Chori.ctoceras (Tnas.), Spiroceras Qur.) 
and Lyrocrioceras (Cret.). Other genera are almost 
straight, e.g. Boebianitfs (Cret.), resembling baculi- 
tids. Others have the body chamber hooked over 
the top like a walking stick, e.g. Haniuliiia (Cret.). In 
such bizarre genera such as the Cretaceous 
Miicroscaphiles and Scapbites, though the early whorls 
are of nonnal fonii, the shell is then straight and 
finally sharply recurved near its tennination, so that 
the aperture faces the first-fonned whorls. The 
Triassic Cocbloccms, and the Cretaceous Tiinilites, 
Ostliiifioa'ras and other genera are helically coiled 
like gastropods, while the Cretaceous Heteroceras 
has its first few whorls of helical shape and the rest 
of the shell like Scapiiites. Nippoiiiles, from the 
Cretaceous ofJ.apan, is perhaps the most extreme of 
all heteroniorphs, having a very long tubular shell 
coiled in a series of U-bends into an unlikely tangle. 
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Figure 6.30 Heteromorphic ammonoids, showing variety in 
form. (Redrawn from Treatise on Invertebrate Paleontology, 
PonL) 


r 


250 Molluscs 

There arc many other such irregularly coiled genera 
in the Cretaceous, and their existence has given rise 
to ver\’ much evolutionary speculation. 

For a long tune the palaeontological litcramre on 
heteromorphs was dominated by the idea that 
such shell forms were degenerate, retrogressive and 
biologically inadaptive. Furtliennore, because the 
Triassic and Cretaceous episodes of hetcromorphy 
took place shortly before major extinction periods 
for the ammonoids, it seemed to many palaeontolo¬ 
gists that there was a defiiute relationship between 
hetcromorphy and extinction. During the 1920s 
and I93()s the view was quite widespread that inter¬ 
nal rhythms in evolution eventually culminated in a 
kind of‘racial senescence’ during which bizarre and 
ovcrspecialized forms were produced, as a last and 
final extravaganza before inevitable extinction over¬ 
took the degenerating stock. 

However, the concept of heteromorphs as degen¬ 
erate and inadaptive phylogenetic end-forms, plau¬ 
sible though it seemed to Scliindewolf and its other 
proponents, is now no longer generally held. To 
begin with, it has been shown (Wiedmanii, 1969) 
that heteromorphs appeared in certain lineages only 
and were not characteristic of the ammonoids as a 
whole at any one time. In the Triassic there were 
only four closely related hetcromorphic genera, 
quite long-ranged and probably speciaUzed for 
bottom living, which became extinct at about the 
same time as eight normally coiled superfaniilies; 
clearly there is no likelihood of a causal connection 
between heteroniorjshy and e.xtinction. Likewise 
the .seven known genera of Jurassic heteromorphs 
were probably monophylctic and were specialized 
bottom dwellers, whereas Cretaceous hctcromor- 
t phy, which reached its maximum development in 
the early Cretaceous, seems to have been a poly- 
phylebc phenomenon. Curious shell forms appeared 
m several lineages quite suddenly, often associated 
with reduction o( the primary’ suture. Many of the 
uncoiled or partially coiled heteromorphs that had 
been present in the Lower Cretaceous produced 
descendants with nonn.il or near-normal coiling; 
tills again falsifies the view that heteromorphs were 
ovcrspecialized end-forms from which no forther 
evolution was possible. Presumably their ability to 
return to nonnal coiling when appropriate ecologi¬ 
cal mches were available was a factor m the subse¬ 
quent success of the re-coiled genera. 

It has been shown, furthermore, by density- 


buoyancy calculations (Trueman, 1941) that hetero¬ 
morphs such as Macroicaphites and Lytoaioceras were 
well adapted for floating in the water in particular 
attitudes (Fig. 8.31). 

Although the apertures do not necessarily face in 
the same directions as those of noniiaUy coiled invo¬ 
lute or evolute genera, there is no reason to believe 
that the forms were m any way unfunctional. 

Helically coiled ammomte shells have the siphun- 
cle in a dorsolateral rather than ventral position on 
the shell. These probably swam apex uppemiost, 
and in this position the camcral liquid would 
decouple rapidly, inunediately a newly fomicd 
chamber was emptied. Such decoupling increases 
the efficiency of vertical nugration in Recent 
cephalopods, and the helically coiled ammomtn 
were probably adapted to a similar vertically niignni 
mode oflife (Ward, 1980). 

Though there were some heteromorphs at the 
end of ammonite history, the majority of the 
ammonites at that time w'cre nonnally coiled. In 
the early Upper Cretaceous the ammonites went 
into a slow' decline over a long period of time, and 
towards their final end they had become restricted 
to certain parts of the world only. The number of 
genera became fewer, and finally no new characten 
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appeared. There is no question of an mtenially 
weakened stock; the decline was rather the adverse 
dfect of long-continued environmental conditions, 
of a kind detrimental to the ammonites and proba¬ 
bly associated with a series of marine regressions. 
[There is now some lioubt as to how pronounced 
this decline actually was; there w.is indeed a decline 
at the end of the Campanian, but intensive collec- 
Don froin cntical honzons in the Maastrichtian 
kd Ward (1996) to favour a more steady-state 
I model for that timc.| The last major Cretaceous 
jh,ltgressioii (and the Chiexulub meteor impact), at 
the Maastnehtian-Daman boundary', coincided with 
the final and sudden demise of the last ammonites; 
there are cephalopods in the succeeding Danian 
stage, but they are coiled nautiloids of the genera 
Aluriii and Herco^lossa (Fhg. b.23j) which have zigzag 
luture lines. These presumably were occupants of 
1 one of the ecological niches vacated by the 
, itniiionites, but 1 ianian nautiloids apparently did 
not invade the multiplicity of nhcroniches that their 
( anniomte precursors had done. 

We have seen that Nautilus lives at some depth, 
ind ill regions where the oxygen tension is low. 
One view of ammonite depth preferences (Wells et 
i 1992) is that they had similar h.ibitat require¬ 
ments to Nautilus (even though they are actually 
more closely related to the coleoids). Throughout 
the Palaeozoic and much of the Mesozoic, ox-ygen 
levels m the deep sea and mid-waters were lower 
ibari they arc today. In the Jurassic and Cretaceous 
tbeiY were no polar caps, and thus no way of venti- 
kling the deep oceans by high-dcnsity melted icc- 
waier. If ammonites had a comparable physiology to 
ilut of Nautilus, and a similar ability to withstand 
jinw oxygen levels, they could have successfully 
I'obnized the vast hypoxic regions of the sea 
ktween .SO and 300 m, where there was little direct 
Jompetinoii from fish, belemnites or marine rep- 
dlo, which inhabited the highly ox-ygenated upper 
witcrs. Perhaps, as the oceans became increasingly 
pygenated, the specialized hypoxic habitat of the 
imnionites began to shrink. They could not colo- 
,mzc the deep waters because their shells would have 
mplodcd and, chased downwards by predators from 
ic w.iters above, the ammonites were caught in a 
rap In the early Upper Cretaceous they were 
lliivdy on the decline, and the catastrophic events 
li the Cretaccous-Tertiarv boundary only hastened 
liicir end. 


A somewhat diS'erent view Is that of Westennann 
(1990, 1996) who presents Ixabitat diagrants for each 
geological period. He suggests that Jurassic and 
Cretaceous anunonite's were mainly pelagic (dnfters, 
swimmers and vertical nugrants). While some may 
have colonized nentic and oceanic habitats down to a 
depth of 800 m, most lived between 30 and 120 m. 
Some of the larger streamlined oxycones may have 
come up close to the surface. According to this view, 
the neritic zone, above the continental shelf, includes 
(1) planktonic ammonite larvae, (2) passive pelagic 
drifters such as the long-bodied Jurassic scrpenticonc 
Dactylioccras, some sphaerocones and some Cretaceous 
heteromorphs, (3) pelagic vertical migrants including 
'VuTriUtes and Scapliites, (4) sluggish nektobenthos, such 
as the higlily ornate planulatcs {Arielites and 
Acaiithoceras). To this habitat belonged the Jurassic 
Graivsia and the Cretaceous ncoccratitcs, which were 
amongst the shallowest- water ammonites of all, and 
(5) mobile nektobenthos. These were streamlined 
fonns, such as the oxyconc oppeliids and some platy- 
cones {Hildotrras and Grammoci’hv). Many of these may 
have preyed actively on other ammonites. 

The oceanic region had an epipelagic zone inhab¬ 
ited by planktonic larvae, which lived there for up 
to a month before moving elsewhere. In deeper ofl- 
shorc waters (lower epi- and upper mesopelagic) 
there lived mainly fragile-shelled ammonites, such as 
some Cretaceous heteromorphs, and importantly 
the deeper mesopelagic realm was inhabited in the 
Jurassic by Pliylloceras (>.300 m) and Lytoceras (>800 
m), both of which were vertical migrants within this 
range. 

Why did Nautilus survive when the ammonites 
did not? Possibly because it was an unspecialized 
feeder, especially well adapted to low oxygen condi¬ 
tions, and laid large eggs, with high survival poten¬ 
tial, in deep waters. On the other hand, perhaps it 
was nothing more than good luck. 

Subclass Coleoideo: dibronchiote cephalopods 

Modern coleoids 

The dibranchiate cephalopods or coleoids include 
squids, cuttlefish, octopuses, the paper-nautilus or 
Argonauta. and various e.xtinct groups, notably the 
belemnites. They all have only a single pair of gills 
within the mantle cavity, and it is this feature that 
separates them from all the other cephalopods. 

The modern squids and cuttlefishes range from 
tiny animals only 4 cm long to the gigantic 
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Ardnleuthis. wliich is (including the tentacles) 18tn 
long. Yet their geological importance is limited; 
only the bclcmmtes are nonnally preserved as fossils, 
and in any case coleoids are more diverse and abun¬ 
dant now than they were formerly. 

Cine kind of dibranchiate stnicture is shown by 
the cuttlefish .SV/iiii (Order Sepiida), which is illus¬ 
trated in Fig. S.21f,g. It differs from Nmililiis in hav¬ 
ing only eight amts and two tentacles, which arc 
provided with suckers and hooks. These hooks, like 
the jaws, are horny and are not usually preserved as 
fossils, though some rare fossilized examples are 
known. In the mantle cavity with its two gills 
there is an ink sac, used tor clouding the water as 
an escape reaction from predators. Otherwise, and 
apart from shell structure, the internal organization 
of the body is broadly comparable. 

The shell of Sepia is wholly internal. It is a large 
oval body, known in the vernacular as the cuttle- 
bone, located dorsally and composed of closely 
spaced, oblit|ue, calcareous partitions supported by 
pillars. The cuttlefish controls its buoyancy by secre¬ 
tion and extraction of liquid from within the spaces 
between partitions. A shell such as this seems at first 
sight very dissimilar to that of a nautiloid, but it is 
morphologically the dorsal half of the nautiloid 
phragmocone which has become flattened and 
expanded. In the squid Lai/yu the shell (sea pen) is 
horny. 

Since the chambers within the partitions are very 
namaw, the change in buoyancy through the 
pumping out of water can be a very’ slow process, at 
least as regards water deep within the chamber. 
Nevertheless, buoyancy regulation by the alteration 
of water balance within the chambered shell is 
not the only system in modem squids. Quite a large 
number of squids, e.g. Craiichia, h.ive instead 
adopted the use of ammonium chloride within the 
tissues, which is isotonic and isosmotic with sea 
water and thus gives neutral buoyancy. In these 
craiichids the coelomic cavity is vastly distended and 
filled with anunoniacal liquid of relative density 
l.Ul0-1.012, which is less than that of sea water 
(relative density 1.026). Though such ammoniacal 
squids arc very abundant and the use of ammonia is 
not confined to the cranchids, the system cannot 
apparently be used for rapid buoyancy changes. 

Packard (1972), in discussing the evolutionary 
convergences and interactions between cephalopods 
and fish, has put the ammoniacal and other squids 


into an interesting evolutionary perspective. He lin 
shown how by early Palaeozoic times cephalopodi 
were the most advanced and mobile of all marine 
animals. With their chambered shells and buoyancy 
mechanism along the lines of Nautilus they were 
highly successful, though limited in how deep they 
could go due to danger of implosion. However, 
when fish began to diversify and invade the upper 
waters of the sea, in the later Palaeozoic, one effect 
of such competition was to put pressure on living 
space. The origin of the ‘ammoniacar buoyancy syv 
tcni was one answer to the problem, for it Irco 
those cephalopods which possess it from the limita¬ 
tions of the shell, and it is perhaps not surprising thit 
the deeper parts of the sea have been extensively 
colonized by ammoniacal squid. Another solution 
to competition from fish was that many cephalopods 
became more fish-like, structurally and functionally, 
so that the two were then competing on more cquJ 
ternrs; as Packard comments, ‘cephalopods, tiini- i 
tionally are fish’. 

Spirilla (Fig. 8.21 hj) is a little squid some 1(11111 
long which has an open, spiral, chambered shcl ■ 
enclosed entirely within the body. The shell hai i 
ventral siphunclc which connects with the chamben i 
only through a very small porous region in each. 
The lower chambers arc largely filled with bqiud 
which is nonnally inert within them, but tliis can be 
added to or subtracted from through the poroa' 
region so that the shell’s buoyancy can be contiullcd 
in a manner similar to that of Nautilus. Thi 
ever-changing colour patterns of squids, in which 
rolling colour waves, sudden darkeiiiiigs of the siaii 
or colour flashes are usual, may niesnierize prey 
camouflage the predator or facilitate coimnumci- 
tion between individuals. 

The shell of the female Hri'timintu (‘paper iiai- 
tilus’; Fig. 8.32n) is a very thin spiral shell, but it a 
fonned by secretion of the tentacles and cairad 
external to the body. 

It is used as a brood pouch, more rarely for earn¬ 
ing about a captured male! The male, incidentally. ■ 
shell-less and only about one-twentieth the size oi 
the female. It has a very long sexual organ (the hec* 
tocotylus) wliich carries the sperm; this can detw 
itself from the male and swim actively towards tht 
female — a kind of‘guided missile copulation' wbid 
seems to be unique in nature. 

Despite the fragiUty of the argonaut shell, ili( 
fossil record can be traced back to the Dligocoit 


Principal fossil groups 253 


(•) 


(XO-ostracum . 


phragmocone ■ 


guard 


(b) 


(0 


(d) Hibolites 


(e) Actinocamax 


(j) Du^alia 





(g) 


(h) 

Danian 

Maeslnchhdn 

Campaoian 


ConiBCtan 

Santonran 


Temperature l®C) 
16 20 23 26 


Turonian 


CafH^mantan 


Aptian 


(k) Aulacoeeras 


{)) Aussaitas 


(m) Spiru/irostrina 


(n) Argonauta 


phragmocone 




guard 


— pro-ostracum 

N 


. phragmocone 


-guard 


Sjure 8.32 Coleo.d morphol<My: a) longitudinally sectioned belemnite in ventral view; (b) same, in loteral view; (cl belemnite 
H cut fransversely (all x 0.75); (d) Hibofiles (Cret; x 1 approx,); (e) AcHnocamax (Cret.; x 0.75); (f) Duvalia (Cret.; x 0.75); (q) 
neonslruction of swimming belernnite, with the guard wholly internal; (h) climatic fluctuations in the Cretoceous, plotted from oxyoen 
|io^ ratios m belemnite guards (j Aosseites phragmocone (Trias.; x 0.75); (lc| Aulacoeeras (Trias.; x0,75); (m) Splrulirostri 
l)*o,| in^on (x 0 75); (n) shel' of Recent paper-nautilus Argonaula (x 0.35). [Mainly based on illustrations by Naef and othi 
* (roite de Paldontologie, II; (h) after Bowen, 1961.] 
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(Holland, 1*^88). The earliest argonaut shells are 
smooth and indeed very like those of nautiloids. It is 
possible that the ancestral female argonauts firstly 
used discarded nautiloid or anuiiomte shells for pro¬ 
tection and then constructed their own on the same 
model. 

Extinct coleoids and their evolution (Fig. 8.32) 

In very many Jurassic and Cretaceous sediments 
there may be an abundance of fossil belcmnites. 
These are the internal shells of fossil squid-likc 
cephalopods, but they do not closely resemble the 
shells of any inodeni squid or cuttlefish. 

In the typical genus lielemiiites the shell has three 
parts. The largest and most posterior sectuin is the 
guard, a massive bullet-shaped cylinder of solid cal- 
cite. It IS par.illel-sided, tapers posteriorly to a point 
and IS indented at its anterior end by a conical cavity 
(the alveolus). If the guard is cut transversely, the 
structure is seen as radially oriented needles of cal- 
cite, with concentric growth rings, which are also 
apparent in horizontal section. The axis of growth is 
not central, however, but placed towards the ventral 
margin. Usually the surface of the guard is smooth, 
but it may be granular or pitted. Some genera, such 
as Hiboiiles, have a long ventral groove e.xtcnding 
two-thirds of the way from alveolus to point, and 
the posterior part of the guard itselt' is somewhat 
swollen. Aitiiwianiax is more parallel-sided but hke- 
wise has a ventral slit below the alveolus. Some 
species of Diwalia have a curious laterally flattened 
guard. 

Witliin the alveolus and fitting it exactly is the 
phraginocone. This is a conical, tliin-walled arag- 
oiutic structure wliich projects outside the alveolus. 
It is septate with its septa concave anteriorly and 
separating fair-sized camerae. A slender siphuncle 
threads through the septa at the ventral margin. 
These structures, together with a nny bulbous pro¬ 
toconch. leave no doubt that the coleoid phragino¬ 
cone IS the direct hoinologue of the shell of a 
nautiloid, anunonoid or Spiniln. 

The guard, which is such a substantial part of the 
belemnite, has no direct hoinologue in other 
coleoids. It seems to have acted as a necessary coun¬ 
terweight to maint.iin the belemnite body level 
when swimming, i.e. fiilfilling in a different way the 
same function as the cameral deposits of nautiloids. 
Since the guard consists of thick and unrccrystallized 
calcite, it has proved most useful in palacotempera- 


ture analysis of the Jurassic and Cretaceous by 
'‘0:‘”0 isotope ratios (Fig. 8.32h). 

The third component of the belemnite shell is the 
pro-ostracum; a long, flat, expanded tongue pro¬ 
jecting forwards and presumably covering the ante¬ 
rior part of the body. It seems to be homologous to 
the ‘pen' of the squid Loli^o. This is rarely presers'ed, 
however, and its function is poorly understood. 
Sometimes specimens with eight radiating sets of 
hooks have been found forvs-ards of the guard, testi¬ 
fying to the fonner presence of arms, and even 
fossilized ink sacs have been located in place. 

Belcmnites seem therefore to have been a kind of 
fossil squid, with a different hard-part constnictioii 
to others and therefore with a unique system ol 
buoyancy control. 

Mass accumulations of belemnite guards are not 
uncommon in the Mesozoic, and such ‘belemnite 
battlefields’ may, as with modem squids, represent 
mass mortality after spawning. Similar accuiimb- 
tions of orthocone nautiloids are coinmoii in the 
Palaeozoic. However, there are other possibilities; 
catastrophic mass mortality, intense predation, and 
concentration through winnowing of sediment 
(Doyle and Macdonald, 1993). It is usually possible 
to establish wliich of these agencies operated in par¬ 
ticular instances. 

There is evidence of sexual dimorphism in some 
belenmites (e.g. Voi(I)?)/h7i«; Doyle. 1985), as with 
ammonites. Hitherto belcmnites have only been 
used for stratigraphical purposes in the Upper 
Cretaceous of northern Europe. Yet they are abun¬ 
dant, rapidly evolving and usually independent of 
facies. Though at first sight they appear to look 
rather similar, it is actually not hard to identify them 
(Doyle, 1999; Doyle and Bennett, 1995). Often 
they are found where the more fragile amnionitej 
arc absent, and their biostratigraphic use can but 
increase. 

Geological history 

Belcmnites arc grouped into two taxa: the 
Aulacoccrida (?Dcv./Carb.—Jur.). which may have 
retained the body chamber, and the Belemnitidi 
proper (Jur.—Cret.), in which the latter w.is rediiceil 
to the pro-ostracum. Both groups have guard' 
which are not easily distinguishable. Other than ; 
doubtful Devonian record, the earliest aulacoccriA 
have been reported from erratic boulders in North 
America believed to be of Mississippian age. It s 
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generally agreed that these torerunners ot" the 
Mesozoic belemnites were etenved from orthocone 
icphalopods about this time through the expansion 
of the thin covering of the tip of the phragmoconc 
into the massive guard by a simple process of relative 
yowtli. 

The systematics and phylogeny of coleoids is dis- 
tuised by Doyle ct al. (1994). Little is known about 
ihe earlier stages ofbelemnite evolution, and only in 
the Triassic are there encountered well-known 
Aulatocerida, which in some ways have characters 
inieniicdiate between those of orthocones and 
.fielemiiitida. The Triassic Aiisscili's, a genus from 
Austria, has a small guard and a long phragmocone 
with a marginal siphuncle. Atilacoccnis has a larger, 
txteniallv ribbed guard, though the phragmocone 
[^ndicrwisc resembles that of Ausscites. It is possible 
btre to assume an evolutionary progression from an 
otthocoiie with external thickening, through the 
Triassic genera to the true belemiiites. The latter 
expanded and diversified throughout the Juras.sic 
ind Cretaceous and then, like the ammonites, 
tdined exceedingly, though a very few belemnites 
continued into the early Tertiary before becoming 
kxtinct. 

A possible side branch ot Mesozoic ‘belemnites’ is 
inpiescnted by the Triassic Phr,n;nwU'utliis and 
■Jurassic Belcmiwteiilliis. In these the guard is present 
■ but IS very thin and delicate, while the phragmo- 
tonc Ls short and broad with a very long pro- 
ostncuni extending from it. The first octopuses arc 
known from the Cretaceous of Lebanon, and there 
«c some fossil argonauts known from the Tertiary, 
but otherwise the fossil record of these modem 
lypcs is .so poor that it is not worth mentioning fur- 
ier, However, there are some extinct coleoids of 
Icrtiary age whose fossil history is interesting if a lit- 
>lc confusing. Some genera have a .somewhat 
(Niured guard and a spiral coil to the early part of 
jic phragmocone. The Eocene Eiclosepia and 
Pwcnc Spimlirostim are of this kind; in both, the 
iphuncle is much e.xpanded and the ventral part of 
4c phragmocone reduced. Though this kind of 
iBcturc IS in some ways intermediate between that 
m the belemnites and Sepia, which has much 
whiccd guard, the fossils arc very few, and to relate 
^end members directly in a sequence Belemnitvs- 
V/srpiii-Sepia is at present unjustified. It is possible, 
lied, that these early Tertiary coleoids are no 
Bue than small parts of large ordinary sepiids. 


Order Teuthida, to which Lolix’o belongs, seems 
to have developed along another line, and the pro- 
ostracum has become an important iiitenial struc¬ 
ture at the c.xpense of the phragmocone and guard. 
Sepiids and tcuthoids are found in the Jurassic 
Solnhofen Limestone, and tcuthids at least are 
known from the Low'cr Devonian Hunsruckschiefer 
(Chapter 12). Phosphatized soft parts, resulting from 
very early diagenesis, arc known in squids from the 
Oxford Clay of the English Jurassic (Allison, 198S). 

The ancestt)' of the little squid Spirilla with its 
coiled internal shell is unknown. It has no guard or 
pro-ostracum, but only a loosely coiled phragmocone 
w'ith a large protoconch and marginal siphuncle. 

Since the buoyancy mechanisms of inodeni 
coleoids are now beginning to be well understood, 
it may be hoped that this will give a correspondingly 
broader conception of the means whereby fossil 
cephalopods, including coleoids, were able to con¬ 
trol their buoyancy. It is unquestioned that this 
has been the most important single factor in their 
evolution. 


8.5 PredaHon and Hie evolution ol 
molluscs 


In inolluscs, as in all other animals with voluminous 
and edible flesh, the danger of predation has had a 
decided impact upon the course of their evolution. 
Such predation has increased through time and dif¬ 
ferent kinds of molluscs have responded to it in dif¬ 
ferent ways. In fossils this can be assessed and its 
effects interpreted by examining tmees of predation 
on the shells. Vermeij (1983, 1987) argues that 
through time the food-catching capacity of preda¬ 
tors (on molluscs and other invertebrates) lias 
increased dramatically, but has necessarily been 
matched, in the prey, by increasingly effective anti- 
predator devices. Such adaptive escalation has led to 
a ‘biological anus race’, which is most evident fol¬ 
lowing periods of mass extinction. 

Cephalopods depend upon escape or avoidance. 
Their capacity for jet propulsion, coupled with the 
ejection of ink when disturbed, has been an 
undoubted factor in their survival and success. 
Ciastropods, especially from thejurassic onw'ards, are 
protected and well scrv'cd by their thick shell, nar¬ 
row aperture, and retractability of soft tissues within 
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the shell. The frequency of gastropod sheUs which 
have been repaired after damage testifies to the 
cfFectivcncss of the gastropod shell as a fortress, fiar 
though such shells have been damaged, their inhab¬ 
itants have not been killed. 

Bivalv'e shells are much more vulnerable than are 
ga.stropods. They have an intniisic limitation 
imposed upon them by their shell construction. For 
when the shell is broken at the margin, the seal 
between the valves is destroyed, body fluids leak out 
and predators can make short work of the shell. 
While this was always a problem for bivalves, it 
became acute in the early Mesozoic owing to the 
proliferation of new kinds of predators (gastropods, 
CRistaceans and starfish) This, the Me.sozoic Marine 
Revolution (MMR) of Vemieij, put inunense pres¬ 
sure on the bivalves, and they responded in a variety 
of ways, primarily escape and avoidance, to protect 
themselves (Harper and Skelton. 1993). Those that 
remained epifaunal were especially at risk, cemented 
fonns being less so than attached bivalves (though 
not against the 'driller killers’, the muricid gas¬ 
tropods). Epibyssate forms can trap smaller assailants 
with byssal threads. Tightly sealed valves, with 
interlocking commissures (Carter, 1968), help to 
deter predators, and spinose bivalves, together with 
boring and nestling types, increased greatly after the 
MMR. Spines, however, can only be generated in 
bivalves with a flexible penostracum. not in others, 
and in general potential .tdaptations are not uni¬ 
formly spread but restricted to some groups only, 
through structural constraint. Burrowing, which 
became possible through mantle fusion, is one obvi¬ 
ous response to predation since the MMR; avoid¬ 
ance by active swimming, sheltering in seagrass 
communities, the invasion of the physiologically 
‘difFicult’ intertidal zone, colonization of deeper 
water and high fecundity are others. That these have 
been successful strategies, despite continual preda¬ 
tion pressure, is evident from the great number of 
diverse bivalves living today. 
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Echinoderms 



9.1 Introduction 


The familiar starfish and sea urchins which are so 
common in shallow waters are representative of 
an entirely marine phylum, the Echinodermata 
(Cam.-Rec.), which stands apart zoologically from 
nearly all other invertebrate groups. Eehinodenns of 
all kinds have internal mesodemtal skeletons of 
porous calcite plates, which are nonnally spiny and 
covered outside and in by a thin protoplasmic skin. 
Nonnally the skeletons have a five-rayed or pen- 
tameral symmetry, though in some fossil groups 
this is not so and in some modem and fossil sea 
urchins a bilateral symmetry is superimposed upon 
the radial plan. Another important feature of cchin- 
odenns is the watei^vascular system; a complex 
internal apparatus of tubes and bladders containing 
fluid. This has extensions which emerge through 
the skeleton to the outside as the tube feet or 
podia. Tube feet have various functions, especially 
locomotion, respiration and feeding. They may be 
considered as all-purpose organs used by animals Liv¬ 
ing inside a calcite box tor manipulating the envi¬ 
ronment. 

Because of their calcitic skeleton eehinodenns arc 
very abundant in the fossil record, and often their 
remains have greatly contnbuted to carbonate sedi¬ 
ments. Thus cnnoidal limestones, composed largely 
of the stem fragments of sea lilies, are very common 
in some rocks, notably the Carboniferous. In such 
rocks the porous plates have often been impregnated 
with diagenetic calcium carbonate but arc otherwise 
unchanged. Echinodemis are, however, stenoha- 
line, and their remains are only found in sediments 
of frilly marine origin. 


9.2 Classification 


A modem system of echinodenn classificarion,» 
defined in the Treatise on fiwertehrale Paleontology mi 
modified by Sprinkle (1*176) is as follows. 

SUBPHYLUM 1. ECHINOZOA: R.idi.ite echiiiociemis, iisiiJy 
^obosc or discoidal. 

CLASS 1. ECHINOIDEA (Ord.-Rcc.): Sea urchins. 

CLASS 2. HOLOTHUROIDEA (Ord.-Rec.): Sea curumbeit. 
CLASS 3. EDRIOASTEROIDEA (L. Cam.-Carb.) 

There arc several other extinct classes. 

SUBPHYLUM 2. ASTEROZOA. 

CLASS STELLEROIDEA (Ord.-Rcc.). 

SUBCLASS 1. ASTEROIDEIA (Ord.-lUc.): Starfish. 
SUBCLASS 2. OPHIUROIDEA (Ord.-Rec.): Bottle sM5, 
SUBCLASS 3. SOMASTEROIDEA (Ord.-Rec ). 
SUBPHYLUM 3. CRINOZOA; ‘Peliiiato 2 oans’, i.e. ecliiiiiiilenili 
having a small plated body (calyx) fixed by a stem, and widl 
pinnulate anns adapted for food gathering. 

CLASS CRINOIDEA (M. Cam.-Rec.): Sea-lilies. 
SUBPHYLUM 4. BIASTOZOA: ‘Pclmatozoans’, often sulltcii, 
lacking free amts, but with biserial brachioles for food pill- 
ering, and often various respiratory structures in the cup. 
CLASSES 1 and 2. DIPLOPORITA ond RHOMBIFERA (Klim- 
Dcv.); ‘Cystoids’ — extinct groups with perfriratcd plain 
in the calyx. 

CLASS 3. BLASTOIDEA (Sil.-Penn.): Extinct ‘pelmatozomi" 
with complex respiratory structures. 

CLASS 4. EOCRINOIDEA (L. Cam.—Sil.): Pnniitive cchino-" 
deniis with pores along the sutures. 

SUBPHYLUM 5. HOMALOZOA (Cird.): Rare pecuhar orpui. 
isms, calcite plated but with no planes of symmetry. Then 
have been the subject of much controversy and nut 
be a separate chordate subphylum on their own: llit 
CALCICHORDATA. 
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This is a useful and workable classification and is 
ictained for convenience here. Smith (l‘>S4b), how¬ 
ever, proposes an altemative one which has been 
denved cladistically. In his estimation, the view of 
the early taxonomists, that there is a natural division 
between fixed (pelmatozoan) and frec-livinj' 
(deutherozoan) echinoderms is phylogenctically 
correct, and that the two are sister groups. In conse¬ 
quence he proposed two subphyla, Pelmatozoa 
(Ctinoids, etc.) and Eleutherozoa (starfish, sea 
urchins and sea cucumbers). Many details remain to 
be worked out, however, and here 1 use the same 
daMification as in the second and third editions of 
this text. Some flirther comments are made in sec¬ 
tion 9.8. Besides the echmodenii groups noted here 
there are several others. In particular there was a 
marked proliferation of short-lived echinoderm 
classes in the Lower Palaeozoic. Some of these seem 
to combine characters typical of many groups and 
ire hard to classify. They arc often known only from 
i single locality and a small number of specimens. 
Bur though these arc clearly echinoderms, their 
characters are so different from those of other 
known echinodenns that separate classes (e.g. the 
cchinozoan classes Helicoplacoidca, Cyclocystoidca 


and Lepidocystoidca) have had to be established 
to accommodate them. Though there are some 
Cambrian echinoderms, the epoch of their maxi¬ 
mum proliferation (at class level) was the 
Ordovician, as can be seen from their times of ori¬ 
gin in the above list. At generic level, however, 
echinodenns were most abundant in the 
Carboniferous. A whole range of remarkable fonns 
arose at that time in a great burst of adaptive radia¬ 
tion, but only some of these were successfiil; the 
others, to which the Cambrian classes belong, pro¬ 
duced no new lines of descent and became extinct. 


9.3 Subphylum Echinazoo 


Class Echinoidea 

Morphology and life habits of three genera 
Echinus 

The common sea urchin, Fehinus esciileiitus (t)rder 
Echinoida), which lives in shallow waters around 
the North Atlantic, shows the fundamentals of 
echinoderm structure as organized in an animal well 
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'igun* 9.1 Echinus esculentus (Rec.), lest deprived of spines: (a) aboral (adapicol) surfoce: (b) odorol surfoce (xO.8). (Redrawn 
tom Durham in Treatise on Invertebrate Paleontology, Part U.| 
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adapted for a benthic free-living mode of life (Fig. 
9. la,b). 

Echinus has a globular test some 10 cm in diame¬ 
ter which is slightly flattened at the poles. In life it is 
covered with short (1—2 cm) spines; if these are 
removed the plating structure is visible. On the 
upper (aboral or adapical) surface there is a central 
apical disc; a double ring of plates surrounding a 
central hole or periproct, which contains the anus. 
The apical disc is fonucd of two types of plates: the 
larger genital plates, and the smaller ocular plates 
which are usually outside the ring of genitals. Each 
is perforated by a pore. The genital pores arc the 
outlets of the gonads, and the ocular pores arc 
part of the water-vascular system. One genital 
plate (the madreporite) is larger than the others. It 
has numerous tiny pert’orations which lead into the 
water-va.scular system below. The anus resides in 
the centre of a number of small plates attached to a 
flexible, rarely fossilized membrane extending across 
the periproct. 

The test is divided into ten radial segments 
extending from the apical disc to the peristome 
(q.v.) which surrounds the mouth on the lower 
(adoral) surtace. The five narrower segments are 
the ambulacra (ambs) which connect with the 
ocular plates, whereas the broader interambulacra 
(interambs) terminate against the genital plates. Both 
ambulacra and interambulacra consist of double 
columns of elongated plates which meet along a 
central suture in a zigzag pattern. In the ambu¬ 
lacrum this IS the per-radial suture. The interam- 
bulacral plates arc large and tubercular, without 
perforations, but the ambulacra! plates each have 
three sets of paired pores near the outer edge of the 
plate. I'hese pore pairs are the sites where the tube 
feet emerge through the test from the internal part 
of the water-vascular system. 

The ambulacra and intcrainbulacra are widest at 
the ambitus, wluch is the edge of the specimen 
when seen from above or below. The peristome is a 
large adoral area, covered in life by a flexible plated 
membrane, which contains the mouth centrally. In 
fossil specimens, however, the membrane has nor¬ 
mally gone, leaving a large circular or pentagonal 
cavity. Five pairs of gill notches are found where 
the interambulacra abut the edge of the penstome, 
and from these project feathery bunches of gills 
which provide surfaces for respiratory exchange 
additional to those of the tube feet. Inside the peris¬ 


tome the test is turned back into a perforated flangf 
which is the perignathic girdle (Fig. 9.2). 

This girdle forms a support for the niasticatoty 
apparatus of the echinoid: the Aristotle’s lanteni 
(Figs 9.2, 9.25). Tliis lantern has five strong jaws, 
each with a single calcitic tooth. The whole assem¬ 
bly is suspended by ligaments and muscles attadicd 
to the perignathic girdle. It operates as a kind of 
fivc-jawed grab and, though each jaw' has only lim¬ 
ited play, the teeth can rasp away at organic demtui 
or algal material on the sea floor and pass it inwank 
to the gut. Within the test (Fig. 9.2) most ofthesoS 
parts are related to the structures already desenbed 
Inside the test is a thin layer of protoplasm, and sincr 
the gut is only a simple nibe running spirally round 
the inner wall from mouth to anus, the body of the 
test is largely empty. However, at breeding time, 
which is normally in the summer, the gonads swej 
cnonnously before releasing their products througli 
the genital pores. Since cchinoids often live in 
clumps or congregate to spawn, the chances of 
cross-fertilization of eggs and sperm from male and 
female individu.ils are fiir. The ciliated echinoplu- 
teus larvae which grow from the zygotes swmii 
actively in the plankton and undergo many transfor¬ 
mations before finally settling down. 

The coelom has various tubular elements t)| 
these the haemal and perihaemal systems seem in 
be involved in material transfer, and the axiil 
organ seems to be associated with the repair i,)i 
injury, but their specific functions are uncle.ar. 

The water-vascular system of the echinodettm, 


madrepunlu 
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Figure 9.3 Structure of echinoid tube feet: (a) Echinus tube foot (with sucking disc) and Mre pair; (b) Arbacia musculor-wolled tube 
fool with large sucking disc and pore pair with expanded attachment area for collagen fibres: (c) odapical respiratory tube foot and 
Jl-like pore pair: (d) sub-anal tube fool of Brissopsis with 'flue brush' and associated pore. (All redrown from Smith, 1978, 1980.) 


tliich is also coeloinic, resembles nothing el.se in 
ihcinimal kingdom. Its primary function is to oper- 
itcthe tube feet. In echinoids its only exit from the 
test is via the madreporite. From this a calcified tube 
l(thc stone canal) descends to near the top of the 
Imtcni. Here it joins the circumoral ring, from 
[which five radial water vessels extend, one nin- 
mng up the centre of each ambulacrum. Each of 
ilKc passes finally through an ocular pore, but it 
mIv fomis a tiny closed tube (apparently light sensi¬ 
tive in some echinoids). From the radial water ves- 
lels there arise, at intervals, paired lateral tubes, each 
jtiding to a tube foot and associated apparatus 
(Ft«.‘U). 


At the base of each tube foot is an inflatable sac 
(the ampulla), and the tube foot leads outwards 
from this, dividing as it passes through the pore pair 
and reforming on the other side. This device pre¬ 
vents the tube foot from being withdrawn right 
inside the test when retracted and, since one of the 
frinctions of the tube foot is respiration, it also sepa¬ 
rates incoming oxygen-rich water from the outgo¬ 
ing fluid depleted in o.xygcn. The tube foot 
possesses longitudinal muscles and has a suction cup 
at the end, rendering it prehensile. Within the 
water-vascular, haemal and perihaemal systems are 
many amoeboid cells (coelomocytes) which per¬ 
form numerous functions. 
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Echinus moves by using its tube feet, especially 
those on the lower part of the body. It can extend 
the elastic tube feet for a considerable distance, 
approximately half of those in any one ambulacnim 
being extended at a given time, the other half 
retracted. A tube foot will extend when water pres¬ 
sure within It increases due to contraction of the 
ampulla, the radial water vessel itself or a neighbour¬ 
ing tube foot. As water conies into it the longitudi¬ 
nal muscles relax; when these contract water is 
forced back into the ampulla which correspondingly 
relaxes. At the time of maximum extension, the suc¬ 
tion cups on the end of the extended tube feet 
adhere to an adjacent part of the sea floor. When the 
tube feet contract, the echinoid moves along the sea 
floor, supported by spines. Echinus moves slowly 
over the sea floor in this way, feeding voraciously 
with Its jaw's and defended against predators by its 
annament of spines. Each spine, like the individu;il 
plates of echmoids, is a single crystal of calcite. The 
spine base fonns a socket wliich articulates with the 


ball Joint of the tubercle below it; the tubercle is 
crystallograpliically continuous with the plate (Figs 
9.4a—c, 9.23). Kound the tubercle is a ring of mus¬ 
cles, attached to the spine base so that the spine can 
be moved in any direction. 

Amongst the spines are small organs of balance 
(spheridia), on the adoral part of the per-radial 
suture, and ophicephalous pedicellariae, which 
arc tiny spines with their heads modified as pincen 
(some with poison glands); these clean the surface, 
discourage predators and prevent larvae from set¬ 
tling (Fig. 9.4d). Normally pedicellariae lie recum¬ 
bent on the surface, but they can be erected and will 
snap shut on any extraneous object. New pedicellar¬ 
iae .are formed when any are dislodged in defence. 

Echinus is a regular echinoid: one m which the 
periproct opens in the centre of the apical disc 
(cndocyclic). Such regular echinoids are conunon 
today and in the fossil record, and they live either 
on the sea floor or, like Stronj^ylocentrotus, in cavities 
in rocks which they may have excavated themseh'es. 
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Figure 9 4 Structure of echinoid spines and tubercles: (o) surface view of standard tubercles and (b) vertical section through sane 
type of tubercle and spine base with muscles; (c) asymmetrical tubercle with crenulate platform and wide area of muscle oltochmart 
at left; |d) opened ophicephalous pedicellario with sensory hairs and poison sac. [la)-(c) Bosed on Smith, 1980.] 
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Regular echinoids are iiomially illustrated according 
in a convcnrional onentation (Figs 9.1a, 9.19a,b). 
The madreporite is always shown at the right ante- 
nor and with its dependent interanibulacrum is 
numbered 2. The numbering proceeds anticlock¬ 
wise (as seen from the adapical pole) so that genital 5 
B always posterior. Koman numerals designate the 
oculars and ambulacra, likewise numbered anti- 
(tbekwise, but starting to the right of the genitals. 
The same system is used in numbering the plates of 
irregular echinoids; those with a dominant bilateral 
■Ijmnietiy, marked particularly by the position of 
the pcriproct which is no longer within the apical 
lysteni (exocyclic). Hcliiiwcardiiim and Mellita, 
iscribed below, are two very dissimilar irregular 
echinoids, with different life habits. 


k Echinocardium (Fig. 9.5) 

flkmHarJiioii (Order Spatangoida) is abundant in 
iallow water, but unlike nduniis lives in a burrow 
•within the sediment. Its morphology is highly mod¬ 
ified in accordance with this burrowing mode of 
ifc. Living below the surface gives it protection 
Igiinst predators, but it has to maintain an adequate 
nection with the surface for food supply and rcs- 
Ipintory exchange, and it also has to be able to cope 
[with sanitation. It has, in fact, essentially the same 
l‘|iDblrnis of life as a subsurface-living bivalve. These 
ilcms have been solved mainly by reshaping of 
the test and by extreme modification of the tube 
jeet and spines in different ways for perfonning dif¬ 
ferent jobs. 

In Echiiiocaniiinn a bilateral symmetry is superim- 
ed upon the radial symmetiy. The test is covered 
a mat of short spines, but when these are 
noved It IS seen as heart-shaped in plan, a dat- 
| Bicd ellipse in profile. The aboral surface possesses 
I elongate apical disc from which the pcriproct is 
ent; the latter is located on the nearly vertical 
istenor wall of the test. A single ambulacrum (111), 
similar to the others, is located in a deep anterior 
ove and goes straight towards the peristome. The 
other ambulacra arc paired (II + IV; 1 + V). Each of 
iese is in two parts. The aboral parts are expanded 
ntofour recessed leaf-like ‘petals', which temiinate 
ove the ambitus. The ambulacra continue below 
'level but arc of more nomial form, flush with 
|lhc surface and less pronounced. In the petals the 
Slier pore of each pore pair is elongated, slit-like 
widely separated from the round inner pore. 
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Figure 9.5 Echinocardium cordatum (Rec.); (a) aboral view 
(x 0.8); (b) adoral view; (c) lateral view with all spines present; 
|d) oblique lateral view showing current directions; (e) in life 
position in burrow. (After Nichols, 1959.) 
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From these emerge Hattened respiratory tube feet, 
leat-likc and rectangular. Elsewhere, including 
within the anterior ambulacrum, the pore pairs arc 
more nonnal, though they may carry tube feet spe¬ 
cialized for other functions. Adorally (Fig. 9.5b) the 
peristome is located far forwards and has a project¬ 
ing lip (or labruni) below. There is no lantern. 
Adorally the plates are enlarged, and from their large 
pore pairs emerge sticky food-gathering tube feet. 
Behind the mouth is a flattened area (the plastron) 
formed from the modified posterior interambu¬ 
lacrum and densely covered with flat, paddle-shaped 
spines. 

In life Echinocard'um lives in a burrow up to 18 cm 
deep, with a single funnel connecting it with the 
surface (Fig. 9.5e). This ftinnel is both created and 
m,iintained by enormously long tube feet with star- 
shaped ends resembling flue brashes. These emerge 
from the adapical pait of the anterior ambulacram, 
their bases protected by a pyramid of spines which 
help in building the lower part of the funnel. A set 
of similar tube feet, emerging from non-pct£iloid 
regions of the two posterior ambulacra below the 
vertical rear wall, build a single ‘sanitary tube’ to 
receive c.\creta. 

Two regions of the test known as fascioles gen¬ 
erate currents. The larger fasciole surrounds the 
anterior anibulaerum as a ribbon-like strip; the 
smaller (sub-anal) fisciole is an elliptical ribbon 
located below the ;uius. In both the surflice is cov¬ 
ered wdth small vertical spines (the clavulae), each 
of which is covered by innumerable cilia, as in the 
intervening epithelium; it is the coordinated beat of 
these ciha that produces the currents whose direc¬ 
tion is shown in Fig. 9.5d. A strong nirrent goes 
down the anterior anibulaenim, and food particles 
are caught by the sticky tube feet and passed to the 
mouth. Other currents bathe each of the paired 
ambulacra, facilitating respiratory exchange, and the 
current from the subanal fasciole propels waste mat¬ 
ter into the sanitary tube. When the sanitary nibe is 
tilled up Hcitinouirdiiiw moves forwards. The funnel¬ 
building spines are withdrawn, the anterior spines 
are erected and scrape away at the front wall of the 
burrow, whilst the paddle-like spines attached to the 
plastron move the echinoid forwards. A new funnel 
is created while the old funnel, burrow and sanitary 
tube collapse behind it. 

The whole organism has the same basic elements 
as Hchimts, apart from the lantern and girdle which 


appear only in the embryo and are soon lost throuf^ 
being resorbed. Other than the modified shape of 
the test, it is mainly a division of labour between the 
spines and tube feet that enables Echiitoardim to 
live far below the surface while feeding, respiniif; 
and excreting cfFecrively. 

Specific bioturbation structures in the sediinem, 
often of complex fonn, result from the forward 
movement of heart urchins such as ndiitnvardiim 
These are clearly recognizable and testify to the for¬ 
mer presence of sea urchins moving within the sed¬ 
iment even if the animals themselves have not beta 
fossilized. 

Mellita (Fig. 9.6a,b) 

Mellila quinquiesperforata (Order Clypeasteroida) is i 
flattened sand dollar common in littoral and sublit- 
toral sands in southeastem North America. It lives 
either on the surface or buried horizontally within 
it. It is very flat with its ambulacra petaloid aborally 
and with five perforations (lunules) in the test: two 
pairs in the paired ambulacra, the other beinft 
unpaired. Adorally the peristome is central, with the 
anus very close behind it and just in front of the pos- 
tenor liinule. On the adoral surface arc five dichotcK 
iiious channels (the food grooves) which are lined 
with tube feet. They run between the lunules and 
converge on the mouth. The whole test is covered 
with a dense mat of fine spines, of which the adonl 
ones are used for walking. 

It usually lives honzontally, burrowing just below 
the surface and covered by a thin layer of sand 



Figure 9.6 Mellila quinquiesperforata (Rec.): (a) oborol od 
(b) odord views (x 1.5.) 
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These cchinoids feed as they move tlirough tlie 
sediment by sieving out fine detritus from the sand 
layer above. The tood particles fall between the 
dense spine canopy, and arc carried to the test mar- 
giii. There food is picked up by the tube feet of the 
oral surface and carried in mucus strings to the 
mouth, assisted by both tube feet and tiny spines. 
Long oral spines form a protective mesh over the 
mouth; they screen out sand but help in the inges¬ 
tion of organic detritus. Mcliita normally travels 
forward but it can also rotate and right itself if over¬ 
turned. As it moves it makes a characteristic trail 
through the thin veneer of sand which overlies it, 
and It sometimes passes sand upwards through the 
postenor (anal) lunule as it progresses forwards. 

The ambulacral lunules, according to Smith and 
Ghiold (1982) have one primary function. They 
increase the perimeter of the test available for food 
gathenng, thus acting as short cuts for transferring 
food from the aboral surface to the mouth. They 
may also act as hydrodynamic stabilizers limiting the 
tendency for sand dollars to be flipped over by sud¬ 
den currents. 

The anal lunule seems to serve a difl'erent func- 
tioii, and forms in juveniles by resorption rather 
than initially by indentation of the shell margin, as 
do the ambulacral lunules. Its role may be to act as 
in outlet for the excess water drawn into the mouth 
by ciliary feeding currents, without disrupting the 
flow ot the feeding currents themselves. It may serve 
1 subsidiary ftincrion as a passageway for excreta 
passed through to the aboral surface and left behind 
IS .Uellita progresses forwards. 

M. sexiespe^orata has six lunules but Uves in a very 
amilar manner. Daidrasicr, another sand dollar 
which is non-lunulatc, is a filter feeder. It lives at a 
high angle to the substrate, wrth most of the poste¬ 
rior part showing above the surface. 

Some species ot Mellita and other sand dollars liv¬ 
ing in the surf zone ingest magnetite from the sand. 
Hid they distribute this within the body as a ‘weight 
belt’ which gives stability. 

Sand dollars, like other highly modified irregular 
tchinoids, do not grow in the same way as Echitim 
by continued secretion ot plates from the apical disc. 
The plates are all fonned in the early stages of 
iMogeny and become very rigidly united through 
ntcriocking sutures and internal pillar supports. 

Sand dollars originated from clypeasteroids in the 
oHy Tertiary, and their success and rapvid spread was 


a consequence of their mode of feeding. The differ¬ 
entiation of adapical ‘sieving’ spines and adoral loco- 
motory spines, the flat-based sharp-edged test, the 
rigidity given by the sutural interlocking of the 
pilates, the adoral branched food-grooves and 
the lunular perforations through the test make up a 
speciahzed and highly effective innewation in ftinc- 
tional design (Seilacher, 1979, 1990; Kier, 1982). 
However, this seems to have originated in the 
Eocene at least four times over — a testament to 
the kind of adaptive breakthroughs po.ssiblc from 
the ecliinoid ‘Bauplan’, but it would only work if 
the many component elements arc successively 
incorporated and fully coordinated. 

Classificohon 

The ta.xonomic division of the Class Echinoidea 
into Kegularia and Inegularia, originally proposed 
in 1925, was used until the I95()s. Nevertheless, 
authorities such as Mortensen (1928-1952). who 
continued to employ it, did not necessarily believe it 
to be a truly phyletic classification, but simply a con¬ 
venient and provisional one. The classification 
erected by nurhani and Melville in the I'rciitist on 
Ini'i’rtcbme Paleontology, later amended (Durham, 
1966), and used in the first edition of this book, was 
based upon a wide variety of stable characters defin¬ 
ing m ijor groupings, many of which are still valid. 
These characters included the overall structure and 
rigidity of the test, the number of ambulacral and 
interainbulacral columns, and the morphology of 
the plates, lantern and girdle. 

A critical .and debatable issue in cchinoid classifi¬ 
cation is whether irregularity had arisen once only 
or whether the irregular echinoids are polyphylctic. 
Smith's (1984b) classification, based partially on new 
data on lantern and tooth structure, and expanding 
the ideas of Markel, favours the view that irregular 
echinoids are monophyleric, and in consequence he 
revives the old group IiTegularia. Smith’s scheme, 
which is partially cladistic, is adopted here. It must 
be appreciated, however, that cLassifications gener¬ 
ally are in a state of flux, and this may well change 
over the next few years. 

SUBCLASS 1. PERISCHOECHINOIDEA (Ord.-Rec.): Regular 
cndocydic echinoids with inteniinbulacra in many colurnn.s; 
jinhulacra in 2—20 columns; no compound plates. 
I'erign.ithic girdle simple or absent and lantern with simple 
grooved teeth. Includes all Palaeoroic echinoids except the 
cidaroids. This is a difticult group to classify: it includes five 
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groups: (1) lepidocciurids. the eirliest cchinoids such as 
Aiiledtmus, with two columns of ambulacral plates and many 
itubncating ambulacra! plates; (2) echitiocystidids. with at 
least four columns of plates in each ambulacrum 
(Eclitiwcyslilrs, Crni’eiwchimisy. (3) lepidesdiids. with very 
many plates in each atnbulacruni {Uimh-slhcs), a character 
shared by (4) proterocidands, but in the latter the ambulacra 
arc much expanded on the adoral surface {TMtlcrondaris); (5) 
palaechiiioids with polygonal ambulacral plates with small 
secondary tubercles {Piilitnhimis. Mclomtes). 

SUBCLASS 2. CIDAROIDEA (Dev.—I^cc.): Regular cndocy'dic 
cchinoids with only two coluinus of plates in the ambuiacra 
and in the iiiterainbulacra oflater genera. Each of the inter- 
ambulacral plates are ornamented with a longer single central 
tubercle, supporting a massive sohd spine. The upright 
lantern has no foramen magmiin, and the pengnathic girdle 
has apophyses only. Examples include Cidum, Anhaeoddaris, 
XUocidans. 

SUBCLASS 3. EUECHINOIDEA (U. Tnas.-Rec.): This group 
includes all post-I'alaeozoic cchinoids, regular or irregular, 
with bicolunuiar ambulacra and iiiterainbulacra. The perig- 
iiathic girdle has both aunclcs and apophyses and the lantern 
may be secondarily lost in some groups. This subclass is sti 
large that it has been divided into extra divisions which come 
between subclass and order. There are two tnfraelasscs: 
INFRACLASS 1, ECHINOTHURIOIDEA; Deep-sea cchinoids 
with a flexible test and a unique kind of pseudo-com¬ 
pounding of the ambulacral plates (Edtinolhuria). 
INFRACIASS 2 ACROECHINOIDEA; Echiiioids with an 
uptight lantern having a deep V-shaped foramen mag¬ 
num, compound ambulacra, and penstomial tube feet. 
This mfracla.ss includes three cohorts: 

COHORT I. DIADEAAATACEA; Retains many primitive 
features such as regularity and grooved teeth in a rather 
cidaroid-like lantern. Shallow-water species include 
coral reef inhabitants with poison spines. There arc 
three orders. Examples iiicludc Diiidcmii. 

COHORT 2. ECHINACEA: All have keeled teeth, sohd 
spines .nid sutured plates, all of which are advanced fea- 
nires. They are regular with gill slits, compound plates 
and a complex pengnathic girdle. There are two orders 
(I) STIRODONTA (e.g. Acrosuleiiia, Henniidaria. Slomc- 
iliiuui. Afhijiiu. Phymosoma) and (2) OAMARODONTA 
(e.g. Ediiiuis, SfmH^yloa'ittrotus), distinguished on the 
stnicturc of the lantern. 

COHORT 3, IRREGULARIA: According to Smith the irreg¬ 
ular echinoufs were monophyletic, and from such 
‘intermediate' genera as PlftiecImiM and /-^'.(jaster evolved 
to the great diversity of nine orders grouped in three 
superorders. All Irregulana (other than those that have 
now lost the lantern) have diaiiiond-sliapcd or wedge- 
like teeth. 

SUPERORDER 1. EOGNATHOSTOMATA: Distinguished 
on the structure of the lantern (Fig. 9.25); have sim¬ 
ple unspccializcd spines and tube feet. In Order 
Fygasteroidea the penproct is keyhole-shaped and 
halfway out of the apical disc (Plcsiccliinus, P)’jiasler). 


Order Holectypoida hav'e a hilly disjunct penproct. 
but otherwise remain quite simple (Holfclypm). 
SUPERORDER 2. MICROSTOMATA; The laiitcm is often 
lost in tlie adult, but if present is wholly intenul; 
have a fully disjunct penproct, and a small penstuiiif. 
Tubercles on the adoral suificc are airanged for uni¬ 
directional locomotion. 

Neognathostoniata have a rounded, pentagonal m 
elliptical outline. They tetain the lantern, at least lo 
the juveniles. They include four orders, particulari)! 
(1) CTRDER CAS.SIDULOIDA (Clypais, NudiAttet, 
Cassidiitus), which .arc subglobular with phyllodei 
and bourrelets, and normally lose the lantern in the 
adult: (2) ORDER CLYFEASTEROIDA. which 
comprises flattened or vaulted echiiioids including 
the sand dollars (they arc the most recent order li 
echiiioids, first appeanng in the Faleoceiie; e.g 
Clypeaster, Xkllila. Roliila. Sailellum). 

Atelostomala are heart-shaped urchins which luvr 
lost all trace of the lantern. There arc three orders; (11 
Order Disasteroida, with a split apical system 
(Disasler. Collyritrs); (2) Order Holasteroida, with in 
elongated apical disc (Holaslcr, Pourtalcsia) .iiid many 
‘sub-spatangoid’ features; (3) Order Spatangoith, 
with a compact apical system and characters cxempli- 
tied by Eihiiimirdiutn and Xticrasier. 

The time ranges of all taxa arc given in Fig. 9.7. 

In the following discussion of morphology, 
finiction and habit the three primary cchiiiozoaii 
subclasses, the Ferischoechinoidca (primitive), 
Cidaroidea and Eiiechinoidea (advanced), are taken 
separately. 

Subclass Perischoechinoidea 
Pcrischoechinoids (Ord.-Rcc.) arc the primitive 
echinoid stock which includes all extinct Palaeozoic 
cchinoids. Only 37 genera and about 125 species ol 
Palaeozoic echinoitis are currently known. Yet since 
their preservation may be good, phylogeny and 
evolution have been studied in detail, especially m 
the marathon works of Jackson (1912) and Kicr 
(1965). 

Palaeozoic cchinoids, including cidaroiils, iliffct 
from their later counterparts in several respects. 

Many cif them have Hcxible tests, often of latgc 
size anti with the plates not rigidly united, so ilul 
they are often found in a collapsed state. In sonit 
cases the plates arc thick and have bevelled edgo 
so that they can slide over one another at thr 
margins. j 

Either the ambulacral or mterambulacral colutmii j 
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figure 9.7 Time ranges and Smith's (1984b) classification of echinoids, illustrating some representative genera. Each vertical bor 
wresents an order. 1, Aulechinus; 2, Cidaris (Cidaroida); 3, Pygaster (Eognathoslomata); 4, Catopygus (Cassiduloida); 5 Mellila 
Py^steroida), 6, Echinocardium (Spatangoida); 7, Echinus (Camarodonta); 8, Acrosalenia (Stirodonta). 
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or both may consist of many columns of plates, 
but compounding of the ambulacral plates is 
unknown; that is, there is never more than one 
pore pair per column. 

The perignathic girdle is nonually absent or of 
simple construction, and the lantern is flattish and 
less elaborate than that of later cchinoids. 

The test is usually globular and invariably regular, 
with the penproct in the centre of the apical disc 
(endocyclic). Only a few flattened genera arc 
known. 

Some of the earlier genera have the radial water 
vessel enclosed internally by inwardly projecting 
flanges from the ambulacral plates. 

Echiuoids seem to have been a fairly clear-cut group 
from the beginning, but the presence of a lantern 
ot rather echinoid-like appearance in Class 
Ophiocistitoidea, and the similarity in Jaw structure 
between echinoids and ophiuroids, makes the dis¬ 
tinction less complete than was formerly thought. 

Palaeozoic echinoids seem to have been a rela¬ 
tively small and unimportant component of the 
Palaeozoic biota and were probably environmentally 
restricted. The flexible lepidocentrids mclude the 
very earliest true echinoids: the Upper Ordoviciiui 
Aiilcchiiius and lictcnechiniis. Aiilcdthius (Fig. 9.8) has 
only two columns of plates in the ambulacra. 

This IS charactensne of the pnmitive Family 
Lepidocentridae to which it belongs. The ambulacral 
plates are curious in that the per-radial suture is situ¬ 



Figure 9.8 Aulechinus (Ord ), lateral view (x2). (Redrawn from 
MocBride and Spencer in Treatise on Invertebrate Paleontology, 
PartU ) 



Figure 9.9 Portions of the ambulocra of perischoechinoiik |a| 
Aptilechinus (Sil), intemol view; (b) Ecter}echinus (Ord.), willi 
pores near the per-radial suture; (c) Pholidechinus (L Corb.)willi 
pores remote from the per-radial suture; (d) Hyottechinui (L 
Carb.), internal view, with partial enclosure of the rodial wol* 
vessel. (Redrawn from Kier, 1973, 1974; not to scale.) 


ated in a deep groove with the single unpaired pore 
on the aboral margin of each plate close to it 
Furthermore, the radial water vessel was enclosed bp 
a tubular covering arising from the lower surface ol’ 
the ambulacral plates; evidently the ampulla lay below 
this. The related Ectcnechimis (Fig. 9.yb) has paired 
pores, though one pore Ls smaller than the other, and 
in later lepidocentnd genera, e.g. the Silurian Aptik- 
ihinus (Fig. 9.9a), the pore pairs are identical tliouj;)) 
snll close to the per-radial suture. 

The apical system of Anlcdiitius and other Icpido* 
centrids is peculiar in that there is only one gemtii 
plate with a single pore, though there are five ocu¬ 
lars. Jaws and other piarts of the lanteni have been 
found, but the lantern is much less complex than in 
the euechinoids. In these early echinoids the inter- 
ambulacra arc smooth or have only small tubercles, 
but Aptilediiims has large spines on the ambuben 
(Kier, 1973). 

The lepidocentrids lasted until the Carboniferom 
but gave nse to another family, the Echino- 
cystitidae, in which the ambulacra have more than 
two columns of plates and primary tubercles on thr 
interanibulacral plates. The number of interambu- 
lacral columns ranges from just one in Craminhm 
to 32 in Myriastkhes. In the Lepidesthidae there air 
again many colunuis of ambulacral pslates, and in thr 
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Figure 9.12 Palaechinus merriami (L. Carb.; Palaechinolda), 
preserved fragment of test in lateral view (x 2 approx.). (Redrawn 
from Kier, 1965.) 



^re 9.10 Proterocidaris belli, a Carboniferous echinoid, 
oborol view (xO.5 approx.) - see also Fig. 9.11. (Photograph 
iiiproduced by courtesy of P.M. Kier.) 



9. 11 Proterocidaris belli (L. Carb.; Echinocystoida): (a) 

i lowing e^nsion of ambulacra adorally; (b) and then conlrac- 
ton odapically (xO.5 approx.). (Drawings of lop of specimen 
Aown in Fig. 9 )0, from Kier, 1965.) 

related Prirtt-rocidaridae (Figs 9.10,9.11) the ambu- 
bera became greatly expanded on the adoial surface. 

They consist of great numbers of small plates, 
nch with a single pore pair in a broad, round 
pression. Almost certainly these were the sites of 
Dscubr suckered podia which could anchor the 
hinoid securely to the sea floor. 

In the Palaechinidae (e.g. Maccoya, Palaechinus, 
^mhiiiiis), probably derived from the 
ihinocystitidae, there were many columns of nor¬ 


mally thick hexagonal plates arranged in more or less 
vertic-il columns (Fig. 9.12). 

Various evolutionary trends have been noted 
within the echmoids of the Palaeozoic. Some, such 
as the flattening ot the test and adoral expansion of 
the ambulacra, are found in Order Echinocystoida 
alone. Other trends are found in more advanced 
Palaeozoic echinoids, such as a general increase in 
the size and number of ambulacra; an increase in 
the complexity of the lantern; the development of 
regularity in the interanibulacral plates; and the loss 
ot the enclosure of the racdial water vessel. (Vlost 
changes were allometnc, but some aristogenetic 
change is seen, i.c. in the increased complexity of 
the lantern and in the development of tubercles and 
spines for the first time. 

Subclass Gdaroidea 

The cidaroids arc the only echinoid group to 
survive the Palaeozoic and they still persist today. 
T hey fonned the rootstock of all post-Palacozoic 
echinoids whilst themselves showing relatively 
little important change. The modem cidaroids, 
which have changed very little at least since the 
Cretaceous, have often been regarded as ‘living 
fossils’. All cidaroids have relatively narrow and 
frequently sinuous ambulacra composed of small 
plates, each with a single pore pair (Figs 9.13, 9.14). 

The interanibulacral plates are very large, with a 
single large tubercle in the centre of each plate, to 
which a strong spine is attached (Figs 9.14a,b, 9.15). 

The mamelon, or central boss, is surrounded by 
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Figure 9.13 Cidarold morphology, odapicol surface, vyith ter¬ 
minology (x 1). The anus is locate within the periproctal mem¬ 
brane ot the odapicol pole. (Redrawn from Fell in Treatise on 
Invertebrate Paleontology, Part U.) 



Figure 9.14 Ambulacra and interambulacra of Archaeocichris 
(L Carfa.): (a) reconstructed and (b) with spine preserved. (Based 
on Jackson, 1912.) 


A wide smooth areola around which is a nng ot tiny 
scrobicular tubercles. Outside these a series of 
small secondary' tubercles is irregularly dispersed. 

The apical system is usually large and has five ocu¬ 
lar and five genital plates, but in most cidaroids these 
are not rigidly united to the test and normally drop 
out on fossilization. The lantern is relatively simple; 
die perignathic girdle has apophyses only (Fig. 
9.16), i.e. flanges reflected from the interambulacra. 


Figure 9.15 Tylocidaris florigemma (Cret.), showing club- 
shaped stabilizing spines, some of which ore still in position 



(a) muscle 

attachments 




radial water vessel 


Figure 9.16 (a) Perignathic girdle of cidaroid with opophyw 

orrly showing muscle attachments (viewed from within the peris¬ 
tome); (b) perignathic girdle of Recent Paracentrotus (Echinoido) 
with apophyses and auricles. (Simplified from Cuenot in Treatise 
on Invertebrate Paleontology, Port U.) 


The oldest known cidaroids, other than possibly 
some Silurian fomis represented only by spino 
which have been referred to this group, belong to 
Family Archaeocidaridae (U. Dev.—Perm,), wWch 
like other Palaeozoic echinoids have flexible tests 
and multiserial interambulacra. Nonoiiecltiiins (Dev.) 
and Lcpidocidaris (Carb.) have six to eight columns of 






Figure 9.18 Bolhriocidaris (Ord ), reconstructed, showing 
Figure 9.17 Miocidaris (Perm ), collopsed so os to conceal the (Redrawn from Durham, 1966.) 

ambulacra (x 1.75). (Based on Kier, 1965.) 


plates; the common Carbonifertsus Archaeocidaris 
(Fig. 9.14a) has four. However, cidaroids of Family 
Miocidaridac liiicliulin^ Mioddaris (Fig. 9.17), the 
only Icnown genus Co survive the I’ermian extinc- 
0on| have only two columns of plates in ambulacra 
and incerambulacra, settling the pattern for all later 
tchinoids, for which Mioddaris alone was the 
ancestor. 

In Palaeozoic cidaroids, adaptive trends have 
been documented winch all relate to improved 
kxoniotion on a harder substrate. 

There were a few small-sized cidaroid genera in 
die Tnassic, including the first cidaroids of motleni 
' npe, but the cidaroids reached their acme m the 
Mesozoic, declining later, though they are still 
abundant today in the Indo-West Pacific province, 

I m the North Atlantic and - as an endemic family, 
the Ctenocidandae — in the Antarctic. 

Cidaroids are noteworthy for die remarlcable 
litvelopment of their spines. Fasifonn, club-shaped 
ind peculiarly sliaped spines are found in the 
lhallow-watcr genera. Most of these .ire sluggish and 
the heavy spines seem to be used for stabilizing them 
’ji rough water. Slender elongate spines arc more 
usual in the deeper-water or mud-h\'ing species. 

Bolhriocidaris 

It seems appropriate here to mention a group of 
tthinodenn genera which may or may not be echi- 
uoids and which have been a singular puzzle for 
fenerations of echinologists. The notorious 


liiUhrioddaris (Fig. 9.18), which has been one of the 
most controversial of all fossil cchinodcrms, comes 
from the Ordovician of Estonia, but recently speci¬ 
mens of a related genus have been found in Scotland 
(Paul, 1967) as well as a single true Boihrioridaris. 

It has five single-columned interambulacra and 
five double-columned ambulacra which do nor 
extend as far as the peristome, each ambulacral plate 
having rw’o large spines and a single pore pair. The 
peristome has a primitive lantern but no girdle, and 
is surrounded by a single or double ring of plates 
with pore pairs. On one interpretation there are no 
genit.il plates, and the madreporite is on one of the 
oculars; alternatively, the apical plates traditionally 
regarded as ocular plates could actually be genitals 
(Durham, 1966). 

tiotimmdaris has been variously regarded in the past 
.as an echinoid, a diploporite cystoid, or a holothuroid. 
Its lantern plates arc small and poorly developed, and 
there is some evidence that it nught be more closely 
related to holothuroids than to echinoids. Its taxo¬ 
nomic posirion is far from clear, but it is not believed 
that any later echinoids were direedy descended from 
it. Eotluiria, another Ordovician oddity, was originally 
described as a plated holothurian (sea cucumber), but 
other than the presence of many tiny openings in each 
ambulacral plate it seems to have ecliinoid features, 
albeit deviating from the nonn. This again was an 
early offrhoot of the great Ordovician radiation of 
echinodcmis and does not seem to have produced any 
know’n descendants. 
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Subclass Euechinoidea and the morphological 

characters of euechinoids 

The euechinoids (Tnas.-Kcc.) include all Mesozoic 
to Recent echinoids other than cidaroids. They all 
have five hicoluinnar ainhulacra and five bicoluin- 
nar interarnbulacra; they may be regular or irregular; 
the lantern may be present but in irregular forms can 
be secondarily lost. The cidaroids and <'ucchinoids 
arc now believed to have diverged prior to the 
appearance of Miocidaris (Smith and Hollingworth, 
19‘t(»). Though the fossil record is scant, at least two 
echinoid lineages must have passed across the 
Fcrmo-Tri.tssic boundary’, one giving rise to the 
modern cidaroids, the other to the euechinoids 
which began to diversih,- in the later Tnassic and 
early Jurassic, undergoing a great adaptive burst and 
evolving into many families. At this time there were 
all manner of functional innovations (Kier, 1974), 
which allowed ecological diflerentiation denied to 
the conscrs-ative perischoechinoids and cidaroids 
The echinoids ot the l^alaeozoic were all regular and 
endocyclic. Though the regular endocyclic system 
h.is been retained by many of the Mesozoic and later 
taxa, numerous other groups quite independently 
became irregular, and all of these adapted for a 
wholly or partially infaunal existence. There are, 
however, ditferem ‘grades' of irregularit)' in the 
echinoids. Some are rather simple, wnth the 
pcnproct still in the adapical region, though outside 
the apical disc, whereas in others it has migrated to 
the lower surface. The extremes of functional differ- 
entiation, however, were not reached until the 
Cretaceous with the origin of Order Spatangoida. 

The early Mesozoic .adaptive radiation of euechi¬ 
noids gave rise to representatives of all four super¬ 
orders. In some of these the archetypal plan tended 
to remain rather conservative after its foundation in 
the early Mesozoic, and there was very little func¬ 
tional evolution thereafter. In others each stage, 
though in itself highly functional, was capable of yet 
further functional modification. The adaptive differ¬ 
entiation of the more extreme forms of burrowing 
echinoid, as represented by Uchinoairdiiiiii, is a far cry 
tfom the morphology of its remote, regular, 
Palaeozoic ancestor. Yet once the origiii of irregu¬ 
larity had provided the initial stimulus, there were 
then plenty of new mor^shological characters for 
evolutionary processes to work on. 


Tube feet and pore pairs 
In regular and irregular echinoids alike, tube foct arc 
often highly modified and perfonn various func¬ 
tions. The ‘standard’ Bdtiiiiis tube foot (Fig. '),3i) 
has a relatively thin muscular layer, and some cdu- 
noid tube feet h.ivc virtually no muscle. In the tube 
feet of such echinoids as live in high-energy ciivi- 
roiunents, e.g. Arhiicia, the tube feet are highly mus¬ 
cular and have a well-developed sucking disc fnt 
dinging to rock surfaces. Tube feet modified hir 
respiration and for funnel building (Fig. 9.3c,d) have 
specific modifications and, .is Smith (1978, tVSlI) 
has shown, the nature of the tube foot can readily be 
inferred from the structure of the pore pair by ref’er- 
ence to modem examples. This in turn sheds light 
upon the life habits even of extinct echinoids. 

Apical disc (Fig. 9.19) 

In regular euechinoids the apical disc is entire and 
contains the periproct. The latter bears the aiim, 
located centrally within a series of small plates which 
cover the periproctal membrane. The disc may be 
exsert, with the circlet of ocular plates outside the 
apical disc, or insert, with ocular and genital plato 
alternating m a single ring around the periproct. But 
even within the same species there may be individ¬ 
uals with a fully insert, exsert or intemiediatc condi¬ 
tion. Genera such as Hyposalaiia (Fig. 9.19p) and 
Pchiistes have greatly expanded apical discs covering 
up to a third ot the total surface area of the echinoid. 
'I’hese have an extra (siiranal) plate by the 
pcnproct, and the ocular and genital pl.ites arc often 
highly ornamented. 

In irregular echinoids the periproct may h.ivt 
wholly or partially escaped from the apical disc and 
be located outside it. One can see this actually hap¬ 
pening in the development of modem irregular sca- 
urchin larvae. The periproct m these is initiallv 
apical, but after a short period of growth it moves 
externally, disnipting the embryonic plates as it does 
so; these then re-fonn, though in an asymmctncal 
fashion, and the genital V is usually missing. The 
irregular patterns are, of course, retained in tht 
adult. Various kinds of apical discs in fossil and 
recent echinoids arc here illustrated in a morpholog¬ 
ical series showing .ill stages in the migration of the 
periproct, though this is not intended to display the 
actual course of evolution: merely grades of organi¬ 
zation. The I’ygasteroida show some intcrcstiiij; 
evolutionary trends in this respect. The earlie« 
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Figure 9.19 Apical discs (not to scale): periproct, where present, shown in block. (Redrown mainly from Hawkins, 1912, Kier, 
1974.) 


pygasteroid, Plcsicihimis hawkinsi from tlic Lias, lias 
in apical disc like that of a regular echinoid and is 
purely endocyclic. In slightly later pygasteroids the 
pcnproct IS displaced outside, though still enclosed 
by elongated plates, and the genital V is still present 
(an equivalent condition is seen in some early 
Nudeolites species). In more ‘advanced’ pygasteroids, 
the genital V is absent, and the periproct lies at least 
partially outside the apical disc, foniiing a keyhole- 
shaped depression on the adapical surface (Fig. 
').19c, 9.20). 

In the majority of irregular ecliinoids only four 
genital plates remain, though occasionally a fifth is 
found. 

Other tlian the breakout of the periproct, a 
reduction in the number of genital plates has been 
! conunon in various irregular echinoid lineages. In 
holectypoids (Fig. 9.21) and cassiduloids (Fig. 9.24) 
there are defined trends from a system with four dis¬ 
tinct genital plates (tctrabasal) to a system with a 
single large plate with four pores (monobasal). 


A monobasal system has been adopted by all 
clypea.stcroids. Most spataiigoids arc tctrabasal, some 
tribasal and a few monobasal; it seems that these 
too arc undergoing a general reduction to a 
monobasal system. 



Figure 9.20 Pygaster (Jur.): (a) adapical and (b) adoral sur¬ 
faces (x 0.75). 
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Figure 9.21 Holectypus (Jur ): (o) adapical; (b) odorol sur- 
faces; (c) lateral view (x 1 approx.). 


(a) Cidsha 



(d) Hatarocmntrotus 



(c) Conu/us 




Figure 922 Ambulacral plating sKowing simple (cidaroid) and 
compound plates (not to scale). (Redrawn from Durham et o/. in 
Treatise on Invertebrate Paleontology, Part U.) 


Ambulacra 

COMPOUND PLATES (FK3. 9.22) 

In ewcchinoid ambulacra tliere arc never more than 
two columns ot plates, but there often are a very 
large number of pore pairs and hence tube feet. This 
has been achieved in different ways by various 
groups of echinoids. Thus in the cidaroids the plates 


have single pore pairs, but are very small and hcnia- 
numerous. Alternatively, compounding of plates is 
common in many euechinoids. Compound plates 
have two, three or more demiplates within the 
confines of a single ambulacral plate. Each demiplate 
has its own pore piair. Such morphology is most 
pronounced in genera like Helerocentrotiis (fig. 
9.22d) in which the large central tubercle is tra¬ 
versed by numerous demiplates. Compounding 
results from the subjugation and incorporation of 
embryonic plates into a smaller number of‘inastet 
plates and is important in allowing a larger nuinhci 
of tube feet per unit area. It is also commonly asso¬ 
ciated with the development of a large ccnttil 
tubercle, and another advantage of the system must 
be that a larger tubercle could be supported by 
larger plates formed by the fusion of smaller nnci. 
Compounding also separates the rows of tube feel 
within one ambulacrum, so that the test bears tcii 
widely spaced columns of tube feet rather than fivt 
closely spaced pairs of columns as in the cidaroids. 

PETALOID AND SUBPETAIOID AMBULACRA 
Irregular echinoids such as Ecliinoairdiiim have 
ambulacra fonning ‘petals’, i.e. with the adapical 
parts expanded to fonn a flower-like rosette. Witiun 
the pct.a]s the pore pairs are always elongated and the 
individual pores widely separated, one being slit- 
like; they are always associated with flattened respi¬ 
ratory tube feet. Some ot the earlier and ‘pnmitivc' 
irregular echinoids |c.g. Holectypus (Fig. 9.21), 
Py^aster (Fig. 9.20)) have no petals but they do, inci¬ 
dentally, have gills. The next grade in organization 
is a slightly expanded subpetnioid condition, and a 
more advanced grade still is the system of some 
clypeasteroids and cassiduloids in which the petals 
are large but flush with the surface. In the early flat¬ 
tened echinoids, so many tube feet would have been 
located on the lower surface, and used for food¬ 
gathering, that respiratory exchange might have 
been impaired had it not been for the development 
of petals on the upper surface. These petaloid ambu¬ 
lacra were then pre-adapted for respiratory use in 
deeper-burrowing echinoids. Some holasteroids and 
spatangoids have depressed petals, espiccially the 
geologically later ones (Echiuocardiutii being a pnnic 
example), and the deepening of the petals is such 
that they form an effective channelling structure for 
the respiratory currents as well as providing a bash 
for a protective cover of flat-lying spines. The dil- 
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ferentiated anterior ambulacmm of holasteroids and 
spatangoids also arose through relatively gradual 
stages from an originally flush and undifferentiated 

PHYLLOOES AND BOURRELETS (FIG. 9.24A-C) 

Certain irregular cchinoids, especially the cassidu- 
loids, and a few regular genera have specialized 
ambulacral structures in the vicinity of the mouth. 
These are the phyllodes; areas in which the nmbu- 
lacmm expands into a leaf-like shape close to the 
peristome. The phyllodes are separated by interam- 
bulacral swellings known as bourrelets. In the 
phyllodes the plates are very crowded, a much larger 

(•) 




f^re 9.23 Structure of Recent echinoids: (a) Cenirosfephanus 
I nitidus (Rec.), Indian Ocean, showing the ambital spine bose - 
it» spine muscles attach to the raised wedges on the upper part 
,1*100 approx.); (b) Psammechinus miliaris (Rec.), Torquay, 
I bigland, an aboral pore pair with neural groove (x 50 approx.). 
5^ photographs reproduced by courtesy of Dr A.B Smith.) 



Fiaure 9.24 Catmygus (Cassiduloido; Cret.): (a) adopicol and 
(b) adorol surface (x 2); (c) enlargement of phyllodes and bour¬ 
relets (x8). 


number of tube feet occur than elsewhere in the 
ambulacra and, furthermore, the pores tend to be 
larger. In the irregular echinoids these extra tube 
feet arc used primarily for feeding. Some, such as 
the spatangoid Mcoina, feed on organic-rich sand, 
and the tube feet are used as ‘sticky shovels’ to 
deposit sand in the mouth. Regular echinoids may 
also have phyllodes, particularly those living in 
high-energy environments where the tube feet arc 
used for clinging to the substrate. Presumably the 
extra adoral tube feet in Ihotcrocidari.': and other flex¬ 
ible ecliinoids may have served a similar purpose. A 
tendency to develop phyllodes has been noted in 
many lineages. Later members often have broad 
phyllodes with larger but fewer pore pairs. In many 
species the tube feet emerge from single pores, the 
respiratory function which necessitates separate 
channels for oxygen-rich and oxygen-poor 
coelomic fluid having been lost. 

Interambulacra and spines (Fig. 9.23a,b) 
Cidaroids, as we have seen, are characterized by 
interambulacral plates having a single large central 
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tubercle. This system was retained in genera such as 
Ht'iniddaris and Sakniti, thougli tlic tubercles are 
generally smaller. However, m the majority of other 
euechinoids the size of the primary tubercles 
decreased markedly, and most particularly in the 
irregulars. On the mterambulacral plates of sand- 
dollars there may be up to ten pnmary tubercles per 
square nullimetre and hundreds per plate. 

This tendency, which so greatly altered the whole 
appearance of the mterambulacral plates in the evo¬ 
lution of euechinoids, is functionally sound, since 
the modern cidaroids can neither bury themselves in 
detntus for camotiHage nor burrow. Short spines are 
a prerequisite for burrowing echmoids; they also 
provide cover and sh.ide. Perhaps the most striking 
modification of all echmoids is m the modem reef- 
dwcllmg regular cchinoid Podophorii in which the 
adapical spines arc mushroom-shaped, their tops 
being flat polygonal plates forming a continuous 
basaltiforni mosaic, which gives protection m heavy 
surt’; these echinoids can also cling to the rocks on 
which they live by their phyllod.tl tube feet. 

Lantern and perignathic girdle (Fig. 9.25) 

The lantern is most important in cchinoid taxon¬ 
omy at the super-ordinal level. Although it is rare to 
tlnd it fossilized, enough specimens have now been 
discovered to allow a phylogeny of echinoids to he 
constructed using the teeth and lantern as m.ijor tax- 
omomic critena. The details of the lantern and its 
stmeture arc beyond the scope of this work, but 
it is important to appreciate the major stages in its 
evolutionary' development. The lantern consists 
of five identical pyramids, each composed of two 
demipyramids. Between these is a depressed fora¬ 
men, and above are short, rod-like epiphyses. Each 
pyramid contains a single calcite tooth which grows 
down continually as it is abraded. 

The clitssic work of Jackson {l‘H2) distinguished 
four main types of lantern, cidaroid, aulodont, 
stirodont and camarodont, but as Smith (I9H1, 
I9fl2) and others have shown, the range of structure 
and ftinction is rather more complex. Isolated pyra¬ 
mids illustrated here show some of the main lantern 
types in an inferred evolutionary relationship. The 
primitive archaeocidarid pyramid was relatively 
broad, with flattish grooved teeth, while later 
cidaroids have a more compressed pyramid with a 
shallow foramen magnum and deeply grooved 
teeth. The recently discovered lantern of the early 


demipyramids 




epiphysis 




Diadema 

(aulodonl) 


Strongylocantrotua 

(camarodont) 




(stirodont) 


Figure 9.25 Various types of lantern pyramid with (in block) 
shapes of teeth, heeled or grooved, in section. The arrows repre¬ 
sent possible relationships. (Based on Smith, 1982.) 


Jurassic Diadeiiuipsis is quite like that of 
Archaeoiidaris, though with a deeply cleft foramen 
magnum, and the teeth arc likewise very simibr 
From this early rootstock gcntis seemingly arose VJ^ 
ions ‘aulodont’ types (c.g. diadetiiatoids), in which 
the epiphyses grow inwards, and - by other paths- 
stirodont and camarodont lanterns, in which the 
teeth, rather than being grooved, have a pro¬ 
nounced strengthening keel. In camarodont laiitcmi 
the epiphyses join at the top. Some of these haiitcm 
types define major taxonomic groupings in the 
irregular echinoids. 

From a primitive DitidciHopsis-likc stock caiiic thr 
first irregular echinoids, in which the lantern is dis¬ 
tinguished by the loss of the epiphyses, but in which 
the teeth became independently keeled. From the 
pygasteroid rootstock arose the holectypoids and 
finally the cassiduloids and clypeasteroids, the latter 
having remarkably expatidcd wedge-like teeth. 

All these chatiges are associated with itiiprove- 
nicnts in function. The lantern of cidaroids can only 
move up and dowti and opeti atid shut like a five- 
jawed grab. The camarodont lantern, however, ii 
capable of sideways scraping, which is much more 
cft'cctive in bottom feeding, and its whole organiza¬ 
tion seems to be related to this end. The clypeajt- 
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tioid bnteni with its expanded wedge-like teeth is a 
functional crushing apparatus, and altliough it can¬ 
not move sideways it is very powerful and can pul¬ 
verize the bottom detritus upon which the echinoid 
feeds. The lantern has been dispensed with in the 
inregular Atelostomata, which are microphagous 
feeders. 

Palaeozoic echiiioids other than cidaroids do not 
have a true perignathic girdle, and the nutsclcs and 
hgaiiieiits were attached directly to the inside of the 
test. The presence of a girdle raises the attachment 
of the muscles and mechanically improves their line 
of action. Cidaroids (l-ig. 9.16) have a primitive gir¬ 
dle with projections (apophyses) in the iiitcnimbu- 
tcruni. Euechinoids have both apophyses and 
luricles: supports at the base of the ambulacrum 
which, in more advanced echinoids, may arch over 
the radial water vessel. The development of auricles 
ni addition to apophyses probably increased the 
spread of muscle attachment and thus allowed the 
possibility of lateral movement of the latitem. 

Gills 

Gill notches are found in echinoids from the early 
Jurassic onwards. I'liey are present in nearly all reg¬ 
ulars and in some early or primitive irregulars (e.g. 
l.Hu/tYfypus, f-’yvfiisrer) but not in the later irregulars, in 
r which petaloid ,imbulacra h.unng efticient respir.i- 
lory tube feet are developed. 

Marsuplae (Fig. 9.26) 

Sexual dimorphism is not normally evident in echi¬ 
noids, and when it does occur it is in the fonn of 
minor differences such as larger genital pores in the 
female However, there arc some 28 species of 
modem echinoids in which the females have devel¬ 
oped special brood pouches (marsupiae) in which 
m incubate the fertilized eggs. These then develop 
tirectly without the free-swimming larval stage. 
Nearly .ill of them live m cold Antarctic waters 
where development and growth are slow. Such 
brood pouches occur m recent cidaroids and spataii- 
poids. but they are also found in some Cretaceous 
Bid Tertiary echinoids of Orders Temnoplcuroidea, 
.Spatangoidea and Clypeasteroidea from southeast¬ 
ern Australia (I’hilip and Foster, 1971), which from 
|palaeoclimanc evidence seems to have been very 
cold at that time. The presence of such genera in the 
'Australian Tertiary and their absence in modem off- 
ihore Australian fauna accord well with geological 



evidence on the northward dnft of the Australian 
continent away from Antarctica in the later Tertiary. 

The temnopleuroid Pciitefhini(.<: has (in the female) 
each of the five genital pores opening into an elon¬ 
gated depression extending some way down the 
iiUerambulacrum, whereas in Parado.xechinus a deep 
annular depression surrounds the apical disc, and the 
genital pores open directly into this. Puraspalaii^^tis 
has a shallow depression in which the apical disc lies. 
Nomi.illy in marsupiatc echinoids the brood 
pouches are adapical, but an adoral marsupium is 
present in the clypeastcroid Fossulasln. The inde¬ 
pendent origin of marsupiae in so many cold-water 
fomis testifies to an evident advantage of viviparity 
in low-temperature conditions. 
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Evolution in echinoids 

The first recognizable echinoids arc Ordovician, 
appearing at tlie same time as a whole plethora of 
other echinoderm types, some at least of which, in 
certain features of their organization, are remiius- 
cent of echinoids. Amongst these could be num¬ 
bered holothuroids and the cchinozoan Class 
Ophiocystoidea, which have cnonnous plated tube 
feet and a lantern stnicture. (Apparent resemblances 
between echinoids and cdrioasteroids or diplo- 
pontes are superficial.) The features of tnie echinoid 
organization became more clearly defined a little 
later, and by the Carboniferous the large regular 
He.xible-tcsted perischocchinoids with many 
columns ot plates were becoming diverse, though 
never really abundant. The only fossil echinoid 
genus known to cross the Fermo-Triassic boundary 
is Mioddaris, though it is now believed that the 
euechinoids were denved from a different Late 
I’alacozoic lineage. In the Triassic are found small 
cidaroids, and then in the early Jurassic came a great 
burst of euechinoid radiation. t)f these taxa some 
are ‘improved regulars' and the rest irregulars, 
adapted for many modes of life, foday echinoids arc 
a vital part ot the invertebrate marine realm and they 
arc probably as abundant now as at any time in the 
past. In the Kcc'ent fauna, 25% are spatangoids, I6%i 
cidaroids, 14% clypeasteroids and 14% temnoplcu- 
roids. The fortunes of various cirders have varied 
greatly during the Tertiary; for instance, cassiduloids 
were very important until the Fliocenc, when they 
declined greatly, .is did the cl>'pcasteroids, and many 
old groups such as the hoicctypoids are very nearly 
e.xtinct- 

Modem echinoids are very successful feeders. 
Some even devour other echinoids; the process of 
such feeding has been shown recently by time-lapse 
photography, which showed three large cidaroids 
devouring a sand dollar, earing it from the edges like 
a biscuit. 

The precise relationship between structural and 
functional differentiation is perhaps more clearly 
seen in the echinoids than in any other invertebrate 
group. By contrast with the evolutionary pattern of 
most tcissil groups, evolutionary changes and 
repeated trends in the Mesozoic and later echinoids 
have been rather slow and spread out. So often in 
other taxa the vitally important intermediate stages 
are compressed in time, and there are no clear links 
between one grade of organization and another. 


Abrupt changes of this kind are seen in trilobita 
molluscs and brachiopods, and the whole procc'ss of 
understanding phylogeny and its functional sipiili- 
cance is bedevilled by morphological discontinu¬ 
ities. Even though there are gaps in echinoid 
phylogeny, such as in the est.iblishment ofeueclii- 
noid orders, they are not all that abrupt, and such in 
important stage as the breakout of the penproct cm 
be seen as a relatively gradual process. The evolu¬ 
tionary trends within both Falaeozoic and Mesozoic 
to Kecent echinoids, which Kier (1965, 1974) hit 
carefrilly documented, occur in several groups, testi¬ 
fying to continued selection leading to ‘the gradual 
improvement of the animal .as a living mechanism'. 
The remarkable functional differences between the 
early Mesozoic cidaroiiis and, say, the spatangoids ot 
clypeasteroids has been achieved only by modifici- 
tion of existing organs or of elements already present 
in the ancestor. Even the fasciolcs of the spatangoids 
are merely tracts of modified spines, the clasailac, in 
which the surface is covered with a ciliated epithe¬ 
lium of a kind native to echinoderm organization 
In fact the only new kinds of organ in the eucchi- 
noids not possessed by their cidaroid forebears art 
the auricles ot the girdle, some small coinponeiiB in 
the lantern and the ophicephalous (pineer-like) 
pedicellariae. 

furthermore, the functional significance of aiiv 
structural changes in extinct genera ni.ay be inter¬ 
preted because of comparable functional adaptations 
in many modem representatives, using similar mod¬ 
ifications of organs generally present in echinoids, 
e.g. spines, f.iscioles, etc. (for die same general pu^ 
poses). In this context the record of evolution in 
Miactster, a Cretaceous spatangoid, is espcciall)' 
good. It has been elucidated stratigraphically, toted 
statistically and interpreted functionally with refer¬ 
ence to us modem relative Hcliitwajrdiiaii and others. 

Evolution in Micraster (Figs 9.27, 9.28) 
X'licraster is an Upper Cretaceous genus widespre.id 
over much of Europe, and very' common in frame 
and England. 

In 1899 Kowe, working in southern England, 
carefully collected some 2fKJtl specimens of Mimia 
in rigid stratigraphic.al sequence through six succes¬ 
sive zones of the Upper Chalk. He observed some 
clear changes in going from the lower zones to the 
upper, confirming previous suggestions; this was 
all the more striking in view of the monotoiiom 
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Figure 9.27 Evolutionary relationships and time ranges of the Epiasler^Micraster stock in the Anglo-Parisian province during Upper 
Cretaceous time. (Based on Ernst, 1970; Stokes, 1977; Smith, 1984b.l 
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figure 9.28 Inferred life positions and burrowing depths of Cretaceous micrasters, (Bosed on Nichols, 1959.) 


nous 





284 Echinoderms 


lithology throughout. The m.iin changes Rowe 
noticed on going up the sequence were as fiillows; 

the test becomes broader, and both the tallest and 

broadest parts move posteriorly; 

the anterior groove deepens and increases in 

tuberculation; 

the mouth moves anteriorly, and the labrum or 
lip below it becomes ver^’ pronounced eventually 
covering the mouth; 

the paired ambulacra lengthen and become 
straight, whereas the iiiterponferous areas change 
from being smooth through a variety of interme¬ 
diates until the final pattern is one with a deep 
groove per-radially and inflated lateral areas. 

Though Rowe imagined that the original lineage 
had subdivided more than once, much later work 
was required before the confused taxonomy could 
be sorted out. The early work of Kermack (19.')4) 
was greatly updated by Enist (1970) and Stokes 
(1977), and it is now understood that evolution 
took place in two separate areas - a northern 
province and the Aiiglo-Parisian province — in the 
latter of which the phylogeny is best known. 

Micraslcr Icskd is a small, rather globular cchinoid 
with a shallow anterior groove and the mouth 
rather far back, without a labrum. The earliest true 
Micraster onginated from the earlier genus Epiitslvi 
found mainly in sandy facies. From this came the 
line of descent M. Ivikci, M. decipiens and M. coran- 
Xiiinuni in which the changes noted by Rowe and 
coiifinned by Kermack took place. The species suc¬ 
ceed each other with very little indication of inter¬ 
mediates, and this established lineage is no longer 
considered to be gradualistic. These Micrastcr species 
are found only in chalk, as is M. iiihhiis (formerly 
known as M. sciiotwiisis). which descended from XI. 
leskei by a difl’erent line. 

Nichtils (1959) shed much light on the biological 
meaning of these changes, by studying the precise 
relations between stnicture and fiinction in the liv¬ 
ing BchinocarJiuni and other extant spatangoids: the 
modern equivalents of Mkraslcr. It was his view that 
XI. h'skei was acLipted to shallow burrowing just 
bclciw the surface and that the changes in the main 
hne of descent from XI. leskei to M. corMjpumiin 
give evidence of adaptation to progressively deeper 
burrowing conditions (Fig. 9.28). 

These adaptations seem clear enough. The deep¬ 


ening of the anterior, food groove, the forward 
movement of the peristome and the development of 
the labrum arc all advantageous in directing feeding 
currents to the mouth in a deep-burrowing eclii- 
noid, as are the increase in numbers of respiratory 
tube feet. Other than the subaiial fasciole there is no 
other clearly developed fasciole on the adapical 
region, but the whole highly tuberculate surface of 
the animal may have acted as a ‘diffuse fasciole', 
being covered with the bases of what were probably 
clavulae. 

Not all arc agreed that the XI. leskci-M. man- 
([iii/iioH line necessarily has to do with adaptations for 
deeper burrowing. Smith (1984a) interprets A/iVnistii 
evolution as an initial breakthrough to a new habitat 
(from sand-living to chalk sca-dwelling) and that the 
changes seen later arc best interpreted to more 
efficient life (burrowing and feeding) within that 
habitat. 

XUcMster seems to have been iiutially successful in 
the chalk seas because it had a dense adapical canopy 
of tiny miliary' spines which kept the sedinieiit 
off the cchinoid surface and allowed it to live 
infannally. 

A remarkably similar evolutionary line has been 
reported tfom Australian spatangids, where in the 
Tertiary IJnthia led through Panutcr to Sthizasicr. .Ml 
three genera .are still extant. Uiillik, superficially like 
Epiaster, lives in coarser sediments. Paraster in finer 
material and Srhizaster in very’ fine mud. These 
changes again are interjireted as adaptations to life in 
fine sediment. 

Although the high zon:il micrasters are inter¬ 
preted as deep burrtiwers, XI. f^ibbit.s was probably i 
shallow borrower (Fig. 9.28c). The suban.il fasciole 
has gone, and in addition the pyramidal test would , 
help to prevent particles from settling. There are 
very' many respiratory feet, all of small size; ilm 
device probably ensured agiinst predation. XI. f<ihhm 
seems to have been derived from the mid-zonal . 
micrasters, possibly as a peripheral isolate, and to 
have nugrated back into the southern England area 
towards the end of the Upper Cretaceous, when il 
interbred with M. loniiii^uitiiiiii, producing a tuinibc 
of hybrids. 

In the proliferation of both spatangoids and hobs- 
teroids m the Cretaceous, numerous types arose 
adapted for deep or shallow' burrowing, and it has 
been possible to interpret some of these function¬ 
ally. Echino(or)'s (Fig. 9.29a-d) is a highly modified 
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figt/re 9.29 Echinocorys scutala (Cret.): (aHc) in adapical, 
(Moral and lateral views, showing marginal diffuse and perianal 
foscioles (stippled) and current (directions (x 0.6); (d) detached, 
poddle-like spines from the plastron (x15 approx.). (Redrawn 
liwn Stephenson, 1963.) 



Figure 9.30 Holoihuria, sectioned longitudinally. (Based on 
Nichols, 1974.) 





Figure 


9.31 Holothurian sclerites (anchors, gratings and 
(Based on Frizzell et al. In Treatise on Invertebrate 


rigi 
wni 

Paleontology, Part U.) 


\ holastcroid with a high stccp-sidod test, an ahnost 
I Hat base and a sharp ainhitus. 

j Short tlioniy spines were evidently for the pro- 
1 tcetion of llic adapical surface; spatulate spines 
^ attached to the tubercles of the adoral surface 
■ allowed forward progression, and cihary currents 
) from the marginal diffuse tasciole and the more dif- 
) fetciitiated subaiial fa.sciole produced feeding cur- 
! Kilts. The ambulacra are only subpetaloid but are 
very long. Echiiioivrys was probably a shallow bur- 
low'cr but presumably inhabited a different niche 
I from the high zonal micrasters (Stephenson, 1963). 

In spatangoids generally, the arrangement of 
ipiiies IS fairly constant, but there is a wide variety of 
test shapes. These arc adapted to different methods 
of burrowing (Kanazawa, 1992), which are related 
to habitat. Thus globular echinoids (e.g. Echitio- 
I anliiitn), which live deep m sand, burrow by exca- 

i vatmg sediment from the front and accumulating it 
on the back. Those with flat profiles, such as 
bvciiu). live close to the surface, though they are 
sable against current scouring, and when burrowing 
they push sediment to the postenor sides of the test. 

. Wedge-shaped spatangoids {Scliizitster, Brisaster), 
mhahit soft cohesive mud and burrow by repeatedly 
I rocking the anterior end up .md down and sinking 


forward into the sediment; the wedge-like shape is 
essential for this. Domed spatangoids with a flat ven¬ 
tral surface (e.g. Liiwpiieiislcs) do not burrow, but 
live epifaunally on mud. Such modifications of test 
shape seem to have been of key importance in 
enabhiig spatangoids to adapt to a wide range of 
habitats. 


Class Holothuroidea 

‘There were nasty green warty things, like pickled 
gherkins, lying on the beach’ (H.G. Wells, AepYoriiis 
hhmii, 1927). Thus has the external appearance of 
holothuroids (holothurians or sea cucumbers) been 
most graphically described. Holothuroids (Fig. 9.3(,)) 
are fusiform or cyhndrical ecliinozoans which gen¬ 
erally he on the sea floor (or burrow into it) with 
their long axis horizontal. 

The mouth and anus are at opposite ends. In the 
type e.xample, Holoihuria, the mouth end has a feath¬ 
ery inflorescence of sticky tentacles (the buccal 
tube feet) which arc used in feeding. The skin is 
warty and leathery, and within it arc embedded the 
calcitic elements that are the only parts to be fos¬ 
silized. These calcitic plates are normally reduced to 
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little sclerites, liavinj; the t'onn of anchors, gratings 
or spoked wheels (Fig. ‘>..11). 

Very rarely they fonn a contiguous cover; more 
usually the integument is very flexible. It is from 
such sclerites that fossil genera can be identified and 
allocated to families. Only in the mouth region is 
there a rigid scries of plates, fonning a calcareous 
perioral ring, perhaps homologous with the cchi- 
noid lantern. 

The five ambulacra are arranged in two sets paral¬ 
lel with the long a.xis: three ventrally and two dor- 
sally. The tube feet of the dorsal set fonn small 
sensory papillae, while those of the ventral set are 
ambulatory and have suckers. The internal struc¬ 
tures are much modified. There are a pair of respi¬ 
ratory trees arising from the swollen cloaca at the 
hind end of the intestine. Water coming in through 
the anus is pumped by rhythmic pulsations of the 
cloaca into these trees for respiratory exchange with 
the coelomic fluid. In Subclass Aspidochirota. to 
which Hotoihuria belongs, there arc unusual defen¬ 
sive structures located within the body. These are 
the ciivierian organs: thread-like masses which 
can be shot out of the anus to entangle stickily any 
predator that disturbs the holothurian. 

The earliest holothunan remains may be tif 
Ordovician age; the earliest uiicioubted holothurian 
spicules (Paliuwuamiiiria) are, however, troiii the 
Devonian, hofimriii (Class Echinoidea, Superorder 
Mcgalopodacca) might have been somewhere 
near the ancestral line and indeed was first desenbed 
as a plated holothunan. Reduction of the plates 
to sclerites, giving the body its present flexibility, 
seems to have been almo.st universal. A very 
peculiar Devoni.aii ophiocystoid-like echinoderm, 
Rorasiicnis, has a large lantern, but the skeleton is 
reduced otherwise to wheel-like sclentes. This too 
may be a holothunan. Since the skeletons of the 
m.ijority of holothurians arc reduced to microscopic 
sclerites only, the fossilization potential of intact 
specimens is very low. There are, however, rare 
e.xamples of complete specimens of this kind. The 
best-known fauna is from the Middle Triassic of 
northcra Spain (Smith and Gallemi. 1‘>'>1), where 
superbly prcscrs’cd plated specimens show a consid¬ 
erable morphological and ecological diversity. Only 
a few plated genera c.xist tod.iy, all belonging to the 
Dcndrochirota, which with the Aspidochirota and 
the Apoda fomi the three defined subclasses of Class 
Holothuroidea. The first two arc mainly benthic 


holothiinans, which creep along on their ventral 
tube feet or on a muscular, slug-like sole in wliidi 
the tube feet arc reduced. However, one of the aspi- 
dochirote suborders, the Elasipoda, has swimming 
representatives which keep themselves afloat by pul¬ 
sation, like jellyfish, and arc planktivoroiis. Some of 
the benthic genera sweep the sea floor ahead n( 
them as they move with their sticky buccal tube feet 
and so pick up organic detntus; others spread diem 
out in a horizontal collecting bowl, as do the 
duggish, burrowing Apoda. 

Holothiinans today arc abundant in wami, shallow 
waters, but they are also successful in the deep sea, 
where undersea photography has shown dendmchi- 
rotes ‘congregating in herds like grazing cows’. 


Class Edrioasteroidea 

The Edrioasteroidea (L. Cam.-L. Carb.) are a small 
extinct group of echinodenns with five distinct 
ambulacra] and five interambulacral areas, conl'ined 
to the upper (adoral) surface. These run to a central 
mouth. Most cdrioastcroids arc flattened and dis- 
coidal though some arc globular or elongated. 

Ldrioastcr (M. Ord.; Fig. 9.32a,b) has a flexible 
theca in wlaich five bLserial ambulacra are regularly 
filated and alternate with irregularly plated interani- 
bulacral areas. 

The ambulacra arc sinuous, four having an anti¬ 
clockwise twist W'hcrcas the fifth turns clockwise 
and curls round the eccentric pcriproct. A small 
hydropore near the mouth presumably led to the 
water—vascular system. The ambulacra have rsvo setj 
of plates: a lower set of flooring plates, arranged 
as in an echinoid, the margins of each fucrccd by a 
single pore; and an upipcr set of cover plates, 
hinged on top of the flooring plates, which could 
open to let out the mbc feet or close down to pnv 
tect them. The peristornial plates covering the 
mouth w'crc probably fixed (as in the cnnoid 
tegmen) and could not open. The whole ainbu- 
lacral plating system is strikingly reminiscent of that 
of the Crinozoa (q.v.). As in that subphylum, the 
radi.il water vessel may have nin in a median groove 
along the per-radial suture, though Bell (1976), in a 
comprehensive work, has suggested an alternative 
position. There is some evidence for this, for traces 
of both the circumoral ring and the radial watw 
vessel have been preserved in H. biichiiuitts. The 
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figure 9.32 (a) Edrioaster bigsbyi (Ord.) with cover plates 
lamoved from three of the ambulacra (x 1.5 approx.); (b) 
Slnmalocystiles (L. Cam.), a stem-group echinoderm, probably 
0 precursor to later edrioasteroids (x1,5); (c) section through 
ombulocrum of edrioosteroid with inferred disposition of soft ports. 
[|a| Based on Kesling, (b) redrawn from Pompeckj, both in Treatise 
or Invertebrate Paleontology, Part U; (c) based on Smith, 1985.) 


aboral surface consists of plates like those of the 
ambulacra, but the marginal plates are larger, form¬ 
ing a distinct and rigid ring. 


In spite of the similarity of edrioasteroid ambu¬ 
lacra to crinoid food grooves there were no brachi- 
oles (short fingers extending tfoni the test). The 
nature of the tube feet is unknown. Edrioaster may 
have been sessile but was not fixed to the substrate 
and might have moved along by pulsations of the 
Hextble theca. 

The superficial resemblance of edrioasteroids to 
the I’recambrian Tribnicliidiiiw has often been noted, 
though this may be no more than coincidental. 
Though the origin of edrioasteroids is really 
unknown, the aboral features that they share with 
early crinozoans seem to suggest a common origin. 
There are five genera of Canibnan age, of which 
Stnmatocyslilcs (L. Ciara.) is the earliest, and indeed 
amongst the first of all echinodenns. It is of pentag¬ 
onal shape and had five straight ambulacra with 
cover and flooring plates. It was apparently a free- 
living fonn. It is probably best regarded as belonging 
to the stem group that gave rise on the one hand 
to the other four Cambrian genera, and all later 
edrioasteroids, and on the other hand to the 
eleutherozoans (all free-living cchinoderms; Figs 
9.32b, 9.51). It thus occupies a central place in 
echinodenn phylogeny. 

Edrioasteroids reached their acme in the Middle 
Ordovician. They arc not uncommon in the late 
Ordovician, but thereafter are found only in small 
numbers until the later Carboniferous with a slight 
expansion towards the end. Virtually all known 
species come from northern Europe and North 
America. Some genera were free-living, but most 
were pennanently fixed by the marginal ring to the 
substrate. Sometimes living shells were apparently 
used .as a base, and the high selectivity of particular 
species for one kind of shell suggests that these may 
have been commensal. 

I'he majority of genera were discoickil and not 
unlike Edrioaster. In Pyr^ocystis and Rhciiocyslis, how¬ 
ever, there is a long tower-like stem of imbricating 
plates below' the fiat .adoral surface; Cyallwcyslis is 
also columnar. These forms may have been penna- 
nciitly fixed in soft mud. In general terms edrioast¬ 
eroids seem to be most abundant when encrusting 
hardgrounds. At one locality in the Devonian of 
Iowa (Koch and Strimple, 1968), many edrioast¬ 
eroids (Aj^eldfritiites hiuiovt'ri) along with the coral 
Atilopn^ra and the cystoid .ddiuefocysrh are present 
in what must h.avc been their life habit, attached to 
a discontinuity surface. The sea floor at that time 
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consisted of wave-fretted limestone, eroded into 
knobs. Ednoasteroids are found fixed to the sloping 
surfaces of tliese knobs; all stages in growth are 
found. Another edrioasteroid species lived on the 
sides ot the cystoid thecae. The whole assemblage 
was overwhelmed by silt, and all specimens are pre¬ 
served in place. 


9.4 Subphylum Asterozoa 
(Fig. 9.33o-«) 


Asterozoans (Class Stelleroidea) are grouped in three 
subcla.sses and include the primitive Subclass 
Somasteroidea, starfish (Subclass A.steroidea), and 
brittle stars (Subclass Ophiuroidea). They are rela¬ 
tively rare in the fossil record since they break up 
very easily after death, and the paucity of their fossil 
remains is no guide to their former abundance. 
Nevertheless they are amongst the most abundant of 
ammals living today on rocky shores of continental 
shelves and in the deep sea. 

In all asterozoans the central part of the body 
(disc) extends laterally into five or more arms, the 
mouth faces downwards and the anus, where pre¬ 
sent, is aboral. In asteroids the arms are not sharply 
marked ort from the central disc, whereas in ophi- 
uroids the central disc is clearly delimited and bears 
five flexible snakc-likc anus (Greek; o(|)ioq = 
snake). Most of the visceral elements in asterozoans. 
such as the intestine and gonads, are broadly homol¬ 
ogous w'lth those in other echinodenns. The 
water-vascular system resembles that of crinoids in 
that the radial water vessels lie in deep grooves in 
the ventral (adoral) surface. This is one of the many 
features that suggest a relarionship with crinoids 
rather than echinoids. 


Subclass Ast«roidea (Fig. 9.33a,b) 

Asteroids usually have five anns, though these may 
be further subdivided. These arms normally extend 
like digits from the disc, but some starfish have a 
very pentagonal outline with shon anns. On the 
upper surface there arc a series of plates, which from 
the top down are the carinals, dorso-laterals and 
marginals. These m.iy interlock so that the test is 
rigid, but more often they are flexible, allowing the 




Figure 9.33 (a), (b) Asteroid anotomy: (a) extemol, with (ood 
grooves and florescent gills; (b) cross-section of arm, showinfl 
plating structure and external position of radial woter vessel 
(cHe) Ophiuroid anatomy: (c) adorol surface; (d) cross-section 
of arm with vertebrae and radial water vessel behind; (e) loterd 
view, [(a), (b) Modified from Sladen; (cHe) partially redrew 
from Woods, both in Treatise on Invertebrate Paleontology, Port 
U; |cHe) also partially redrawn from Nichols, 1974.] 
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amis to curl, wliich is very useful during climbing. 
On the lower surt'ace the plates are larger and orga¬ 
nized in each ann into a double column of ambu- 
lacral plates, through which the tube feet connect by 
pores to the ampullae even though the radial water 
vessel is on the outside of the test. Outside these are 
tlie adambularral plates which adjoin the margin- 
ik All the adoral plates unite around the mouth in a 
npd peristomal ring. 

Between the plates (ossicles) of the upper surface 
project extensions ot the coelom, known as papu¬ 
lae, which are re.spiraton,'; since asteroids are very 
active animals, such ‘extra' respiratory structures are 
essential. The water—vascular system of Palaeozoic 
asteroids Itis been rectmstnicted (Hlakc and 
Guensberg, 1088). Ampullae may or may not have 
been present, and if present were e.xtcrn.il in the 
early astcroieis, by contrast with the large internal 
ampullae of modem types. 

The first starfish probably derived from a pentain- 
cnl free-living stem group, which included such 
ccliinodenns as Stroinatocystitcs, the early members 
moving freely .across the sea floor and feeding on 
detnt.il particles. The earliest mie asteroids were 
Ordovician, derived from a somasteroid ancestor. It 
has been proposed (Ciale, 1987) that these early 
asteroids were relatively inflexible, with limited 
capacity for ann movements, and they may KSve fed 
simply by sediment slmvelliiig. An alternative view 
(Blake and Guensberg, 1988) is that the modes of 
life ot early asteroid.s were diverse, and broadly par¬ 
allel with those ot today. Asteroid radiation is clearly 
related to a diversification in feeding habits. Most 
modem starfish are voracious predators and feed on 
molluscs, in particular preying actively on bivalves. 
When a starfish such as Astcrias locates a bivalve it 
climbs on top ot it, engages the two valves with 
IK suckered tube teet, and for several minutes or 
longer pulls the two valves in opposite directions. 
Eventually the stress set up becomes too great for 
die bivalve’s adductor muscles, and the valves open 
slightly. The starfish then everts its stomach out of 
IK mouth and squeezes it bit by bit inside the 
opened valves. Digestion of the soft parts takes place 
within the bivalve shell, and when feeding is com¬ 
plete the stomach returns inside the starfish again. 
After feeding, the starfish can go without food for 
months without ill effects. There is some evidence 
from characteristic associations of disarticulated 
bivalve shells with fossil starfish that this extraoral 


feeding habit is ancient, extending as tar back as the 
Devonian and probably frmher. In a well-knowm 
e.xample (Clarke, 1912) a large bedding surface of 
Ifevonian rock revealed some 400 specimens of 
Dci’oiuuter cucharis in intimate association with the 
bivalves Griuiimysia and Ptcriiwa, the environment 
having been ‘invaded by starfish which congregated 
in vast numbers in order to feed on the clams’, 
riiere is now some doubt about this claim, and in 
any case not all asteroids feed in this way; some feed 
intraorally, as do many ophiuroids, by taking the 
prey, whether gastropod or bivalve, into the mouth. 
Even here, however, intrusion of the stomach lobes 
into the bivalve apipears to accompany digestion, 
tfther starfish are deposit feeders, and basket stars 
are suspension feeders. Since some starfish may have 
preyed actively on bivalves for at least 4(KI million 
years, it is higlily probable (Carter, 1967) that some 
of the charactenstic physiological and stnictural 
characteristics of bivalve shells (e.g. the interlocking 
commissures) can be considered as defensive struc¬ 
tures against asteroids, the ever-present enemy. 
Indeed the morphological innovation of interlock¬ 
ing commissures in bivalves arose around the same 
time as the great expansion of cxtraorally feeding 
asteroids, in the later Ordovician and early Silurian. 

It IS possible, too, that the failure of articulate bra- 
chiopods to radiate anew' following the late Permian 
extinctions, is directly linked to the early Mesozoic 
r.idiation of asteroids (Donovan and Gale, 1990). 
Against these the epifaunal brachiopods had little 
protection, and were especially vulnerable. 


Subclass Somasteroidea 

The earliest known ‘starfish’ (e.g. ^'illcbriiiiaster, 
Clunuuiasier) are Tremadociaii and come from 
southern France and Bohemia. These belong to the 
Somasteroidea, a short-lived group probably ances¬ 
tral to both the Asteroidea and the Ophiuroidea, 
though primitive ophiuroids occur in the same 
fauna. 

The Somasteroidea have a pentagonal body shape 
and the arms, rather diaii extending from the body, 
are just beginning to dift'erentiate. The skeleton 
consists of five biserial rows of plates forming the 
‘arms’, vvliich have lateral rod-like ‘virgalia’ project¬ 
ing from them, filling up the space between the 
amis. The skeleton has a thin rim of marginal plates. 
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In sonic respects structure of the amis resembles that 
of the pinnae ot a biserial inverted crinoid, and some 
palaeontologists believed that soniasteroids were 
derived from crinoids. This view became especially 
popular when Fell (1963) described a Recent deep- 
sea genus, l^lalasWritis, as a livnng somasteroid, and 
proposed vanous stages in the descent of somas- 
tcroids tfom cnnoids. Later studies suggest, how¬ 
ever, that this may be unrealistic and Vlatastcrias h.as 
been restudied in great detail by Blake (1982) who 
disclaims Fell’s view that it is a living somasteroid. In 
his estimation it is an unet]uivocal asteroid, though 
primitive in some respects, such as the absence of 
suctorial tube feet (which it does not need since it is 
a microphagous feeder). It is now regarded as a sub¬ 
genus of the tnie asteroid Liiidia, and its morphol¬ 
ogy, rather than being a consequence of crinoici 
ancestry , is contingent on behaviour and habitat. 

The first tnie asteroid is of early Arenig age, and 
by the Middle tirdovician the soniasteroids had 
largely disappeared. Most Recent species of the 
Asteroidea, like those ot the Ophiuroidea, belong to 
long-ranged genera which have persisted for a long 
period of geological time. 


Subclass Ophiuroidea (Fig. 9.33c—e) 

The most distinctive feature of ophiuroids, namely 
their thin, snake-like arncs, has been an important 
factor in their great success, since they use sinuous 
movements of the anus for locomotion. 

All the viscera are contained in the central disc, 
and all that lie within the arms are the greatly 
enlarged vertebrae, homologous with the flised 
arnbiilacral plates of asteroids. These have special 
articulating hinges so that the ann is very flexible. A 
sheath of plates surrounds the vertebrae, and the 
strong muscles that move the amis are found in the 
space between. Though the earliest ophiuroids are 
found in the same beds as the first soniasteroids, the 
latter were probably their ancestors. The ambulacra 
enlarged to fomi vertebrae, and the radial water ves¬ 
sel became enclosed by the growth of a protective 
ventral shield. There are two orders: the 
Ophiurida (Ord.-Rec.), in which the amis can 
bend only in the horizontal plane, and the Euryalae 
(Carb.-Rec.), in which the amis can move in all 
planes; the latter .ire often climbing fomis. 

Ophiuroids arc immensely successful in modem 


oceans, especially at bathyal and abyssal depths, 
where they are often found crowded together in 
great numbers. They arc mainly suspension feeden, 
but there are carnivorous species which feed on 
small bivalves, though these do not have the extrao¬ 
ral feeding habit of asteroids. Ophiuroids seem to 
have retained much the same organization since the 
Ordovician, and their genera, like those of asteroids, 
are very long-ranged. They do not seem to have 
been badly affected by any major extinction penods. 

Starfish beds 

The remains of fossil asterozoans arc all too scanty, 
since the plates nomially disarticulate after death, 
not being bound together as are those of echinoids. 
Several well-known starfish beds are known, how- 
ewer, in North Amcnca, in Great Britain and in the 
Devonian of Gemiany. In the latter case starfish are 
almost always associated with the strange arthropodi 
Minu'laster and I 'achoiiLuii (Stunner and Bergstrdni, 
1976) (Fig. 12.8). 

'Fherc are three or four British starfish beds which 
have long merited attention. Of these, one in the 
Lias of Dorset, is full of ophiuroids (two species), 
but there are no other fauna. Sedimcntologic.al cri¬ 
teria (Goldring and Stevenson, 1972) make it plain 
that these ophiuroids were smothered and rapidly 
buried by a thick cloud of silty sediment. Modem 
ophiuroids cannot escape from sediment more than 
5 cm tliick, and these Liassic .specimens probably all 
died in their life position. 

The famous Ashgillian starfish bed at Girvan in 
Scotland has an extremely nch fauna of starfish, 
trilobites, brachiopods, molluscs and the early echi¬ 
noids-di//i'i7;iiiiis, Hctciurhiiuis and F.otiuiria. From the 
sediment inside the echinoid tests and other enteria 
It has been concluded that the fauna was shifted 
some distance and rapidly buried following turbu¬ 
lence in a shallow-marine environment. Other cases 
which have been considered confirm that only as a 
result ot ‘catastrophic’ conditions arc starfish likely 
to be preserved whole. Thus a thin lower (urassic 
bed at Gmiind in Germany has a rich fauna of 
starfish and also of other echinodemis (Rosenkranz, 
1971; Seilacher et id., 1985). There is, however, 
very little other fauna apart from oysters killed by 
the same smothering event. The shelly bottom 
fauna was overwhehned by an influx of sediment 
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and, whereas the mobile pcctinid and limid bivalves 
could swim upwards to escape, the fixed oysters 
could not and the echinodenns, with their ambu- 
lacral systems choked by fine sediment, had no 
chance of survival, but were preserved whole and .as 
a ‘selected’ fauna. Such taphonomic selectivity is 
nomial in other beds in which echinodenns arc very 
well preserved (Brett and Eckert, 1982). 


9.5 Subphyium Crinozoa 


Cnnozoans are pnmitively stalked echinodenns 
(‘pelmatozoans’) with long arms and nonnally lack 
complex respiratory structures. The cornatulid 
cnnoids have, however, lost their stalks and become 
tecondarily free. 


Class Crinoidea 

Crinoids are very diverse and important in 
Palaeozoic faunas, and their remains have con¬ 
tributed substantially to Palaeozoic limestones. 
Complete crinoids (e.g. Fig. 9.34), however, are 
rarely preserved. 

Crinoids arc less abundant than they were, but at 
the present they are represented by 25 stalked gen¬ 
era and by .some 90 genera of unstalked comatulids, 
which are the dominant group of modem oceans. 
One of these, the modem free-living Antedon (Fig. 
9.35) is taken as a type example showing the basics 
oferinoid morphology. 

Ankdim has a stalk in its early life, fomicd of 
columnar plates, but it soon breaks free of it 
before it is fully grown and is then free to swim or 
nawl over the sea floor. 

The body consists of a globular plated cup (the 
theca) from which long plated ames (brachia) arise. 
The theca has two parts; a lower region of thick 
ngid plates, pentamerally symmetrical, and a domed 
flexible roof (tegmen) with a central mouth and lat¬ 
eral anus. Inside the theca is a spirally twisted gut 
md a circumoral ring as in cchinoids, but the 
iHudreporite is replaced by ciliated funnels. The 
jonads are borne ncit within the theca but on the 
imu. 

Since there is no stem the base of the cup (or 
olyx) is made of a single, large (ccntro-dorsal) 
plate wliich Ls morphologically the top plate of the 




Figure 9.34 Features of crinoid morphology shown by 
Ordovician Dictenocrinus; (a) as redrawn from bather in Trait6 
de Pal^nlologie, 1953; (b) reconstructed os a rheophile. 

stem. Above this is a nng of five basal plates with 
another ring of five radial plates above it. Attached 
to the radial plates are the brachial plates of the 
lower p;m of the amis. These arms subdivide almost 
immediately so that there are ten amis in all, each 
armed with many pinnules constructed of pinnu- 
lar plates. In Antedon and other comatulids the 
rigid plates of the calyx arc very small and contain 
only a chambered part of the coelom. A number of 
flexible cirri articulate on the centro-dorsal plate 
and can be used for temporary fixation or locomo¬ 
tion of the living cniioid. 
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Figure 9.35 Antedon, a Recent comalulid crinoid: (a) living specimen in dorsal view (xl); (b) vertical section through calyx; (c) 
cross-section through arm; (d) larval specimen still ottoched to stalk; |e) lateral view of proximal part of a living specimen with Ilexibla 
cirri below, [(b) Redrawn from Clous, Textbook of Zoology, 1884; (c) redrawn from Treatise on Invertebrate Paleontology, Part U.| 


The anns are Hexible, having articulated brachial 
ossicles and two segmented strands of muscle with 
which the ann can move in any direction (Fig. 
9.35c). From the circumoral ring a radial water 
vessel runs down each ann, which, as in starfish but 
by contrast with echinoids, lies outside the plates. A 
double row' of tube feet arises from this vessel, with 
a median food groove in between. When the 
crinoid is feeding, the pinnules w'ith these tube feet 
are e.xtended and, being sticky, catch organic detri¬ 
tus and small organisms which are then carried to 


the mouth by a ciliary mucus tract along the food 
groove. The pinnular food grooves all join with 
those of the brachia, which in turn unite so that five 
primary grooves cross the tcginen and enter the 
mouth. When disturbed, the tube feet can retract 
into the food groove, and as they do so small calcidc 
cover plates (lappets), normally held erect, come 
down like trapdoors to protect them. 

Antedon has only 10 arms, but other comatulids 
may have as many as 200. The deeper-watcr species 
seem on the whole to h.ive fewer arms. 
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Main groups of crinoids 

The oldest known cnnoid is EihmaliKrimis (M. Cam.) 
fiom the liurgess Shale, but it is not very similar to 
later crinoids and only identified ;is such because of its 
umsenal anus and the well-preserved tube feet. Other 
related echinoderms, including the blastozoan Class 
Eocnnoidea, arc also t^ambrian. The relationship of 
BhmnUycrinus to its Ordovician descendants of 4f) Ma 
later is not understood, but in the early Ordovician 
there was a great radiation of early crinoids, contem¬ 
poraneous with that of other echinoderms (Donovan, 
1988a) probably concentrated in tropical seaways. It 
seems that the Ordovician was an 'expcrimcnt.il 
penod’ in cnnoid morphology' and Ordovician faunas 
reached a liigh level of diversity in successive adaptive 
radiations. Since the crinoid skeleton, however, disar- 
dnilates rapidly after death, complete specimens ;irc 
rare. The study of the ring-shaped columnar plates 
(also known as ctiliimnars or ossicles) of which the 
stem is composed is helpful in appreciating diversity, 
since they are far more common than complete speci¬ 
mens or cups (Donovan, 198b, 1989). Thus in the 
British Ordovician crinoid fauna, colunmal diversity 
suggests a variety of species several times greater than 
otherwise recognized. 

Traditionally, the earliest ‘true’ crinoids (e.g. the 
Arenig Deiulrocrinus and Ciipulocrinus) have been 
held to belong to Subclass Inadunata (Fig. 9.36), 
which have rigid calycal plates. 

There are two other Palaeozoic subclasses: the 
Rexibilia (Fig. 9.43c), in which calycal plates are 
only loosely united, and the Camerata (Fig. 9.37), 
where the pro.ximal ami ossicles are incorporated 
into the theca. 

Inadunates just crossed into the Triassic; the 
others became extinct in the Peniiian. A possible 
Recent survivor of the inadunates might be 
Hyocrimis, an Antarctic fomi. though this could 
merely be an aberrant aniculate. 

Again, traditionally, all Mesozoic to Recent 
crinoids are placed in a fourth subclass, the 
Articulata, in which the amis are very flexible. Most 
modem crinoids are unstalked comatulids; the 
acquisition of brachial flexibility and liberation from 
the stem were undoubtedly of great importance in 
detennining the evolutionary potenti.al of this 
crinoid group, allowing an active search for good 
feeding grounds. The living stalked species arc 
unusually small, inhabiting depths greater than 
100 m and having stems rarely exceeding 0.7.S m. 



Figure 9.36 Cvpulocrinus (Ord.), as preserved in the rock 
(x 2). (Drawn from a photograph by Ramsbottom, 1961.) 


Crinoid classification is currently in a state of flux, 
and Simms and Sevastopulo (1993) ascribe many 
Palaeozoic groups to the Articulata; .some of these 
likewise had flexible, muscular amis. These authors 
recognize the Camerata as morphologically distinct 
from the beginning, but they replace the Inadunata 
by the two subclasses Disparida (Palaeozoic) and 
Cladida (Ord.—Rec.) They consider the Flexibilia 
and the Articulata to be infraclasscs of the latter, and 
seek the ancestry of the Articulata amongst the late 
Palaeozoic cladids. 

Palaeozoic crinoids 

Most, though not all. Palaeozoic crinoids have 
stents, which in the case of some Lower 
Carboniferous fomis arc of great length. They gen¬ 
erally have larger calycal plates than Aiilcdoii, and a 
third circlet of plates (the infrabasals) may be pre¬ 
sent under the basals. In describing crinoids, the 
morphology of the caly.x is usually represented by an 
‘exploded diagram’ (Fig. 9.37c), and the plates 
arc distinguished symbolically as brachials (BrBr), 
radials (RR), basals (BB) and infrabasals (IBB). 
Where there arc only RR and BB present the 
crinoid is monocyclic; dicyclic crinoids have IBB 
as well. 
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Figure 9.37 (a)-(d) ActirKxriniles (L. Cart.), a monocyclic comerole crinoid with brachial plates incorporated into the large calyx; 
(o) lateral interareal view with brachial facets (x 1); (b) t^minal (oral) view; (c) exploded plate diogrom; (d| specimen with brodnio 
still attached; (e) broken specimen of the related Cactocrinus, showing subtegminal enclosed food grooves leading from the brachial 
facets to the mouth; (f) Scyphocrinites (Dev.), o large camerate, with pinnulars incorporated into the calyx (xO.3). [(oHd) Loradv 
based on Woods, 1946; (f) redrawn from Mcxjre etal., 1953.] 


Inadunate crinoids 

The Inaduiiata (L. Ord.-Trias.) is a very large sub¬ 
class with more than 200 species, inadunates are 
probably the most primitive of all crinoid groups 
(Figs 9.36, 9.38), having a rigid calyx with the 
brachials free or loosely connected above the radials. 

The mouth is below the tegnien, the food 
grooves above it. The amis may or may not have 
pinnules. ConunonJy the pentamcral symmetry of 
the cal^ot is dismpted by an extra plate, the radianal 


(RA), within the radial circlet, and there is usually 
an anal (X) plate in the brachi.il circlet (Fig. 9.38c). 
The vast majority of inadunates are dicyclic, a few 
are monocyclic. Radial plates may be ‘com¬ 
pounded’, i.c. divided transversely into infraradiais 
(IRR) and supraradials (SSR), and there arc radi¬ 
anal equivalents (IRA and SITA). In some an anal 
tube emerges from above the radianals; this is 
greatly elongated in genera such as the Ordovician 
Dktenocrinus (Fig. 9.34) and Dendrocrinus, where it is 
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Figure 9.38 Plate diagrams: (a) monocyclic calyx; (bj dicyclic calyx; (c) Cupulocrinus (Ord.), dicyclic calyx with an anal tube (as in 
Fig. 9.36); (d) lateral view of a dicvciic calyx (IBB, infrabasals; BB, basals; RR, radials, in black; RA, radianal; X, X-plate; 1 BrBr, prim- 
iOTchs; 2BrBr, secundibrachs); (e) tegmen of crinoid Cyalhocriniles; (f) evolution from a uniserial through an intermediate to a bise- 
riol condition in the brachia. [(c) Redrawn from Ramsbottom, 1961; (d) redrawn from Bather in Treatise on Invertebrate Paleontology, 
Port U; (f) modified from Moore et al., 1953.] 


nude ot thm, folded plates. The earliest inaduiiates 
had an elongated straight cup, but in many later 
genera the calyx became flattened and expanded lat¬ 
erally. Furthemiore, the almost vertical direction of 
the dichotomous amis in the early inadunates was 
generally replaced by a more flower-like crown. 

Numerous other evolutionary trends have been 
distingiiished, and many specialized fonns arc 
hown. Petalocriims (Fig. 9.39) is a tiny Silurian 
liiudunate resembling a minute palm tree. 

Here the stem is short, the calyx small, and each 
of flic five brachia ftesed into a leaf-like divided 
pbtc, wath a series of dichotomous food grooves 
impressed upon its surface. Hybocystis has only three 
free arms, the other two being represented only by 
Ibod grooves extending down the sides of the cup. 
The Ordovician Porocrinidae (e.g. Porocniius and 
Tnhohponis; Fig. 9.4(la,b) are a strange family which 
hive been placed in the inadunates (Kesling and 
Paul, 1968). 

In these the calyx is strengthened by tliickened 
Bdges linking the plate centres. Within this frame¬ 


work, where the plates join there arc thin circular 
areas tif the calyx bearing folded calcitic membranes 
(goniospires). Each goniospire consists of three sets 
of folds, one for each of the adjacent plates. The 



Figure 9.39 Petalocrinus (Sil.), a small inadunate, having the 
brachia welded info flat plates with food grooves. The cross-sec¬ 
tion shows the cover plates. (Redrawn from Tasch, Paleobiology 
of the Invertebrates, 1973.) 
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Figure 9.40 Porocrinus (Ord.), with folded membrane struc¬ 
tures at the plate junctions: (a) lateral view of calyx (x 4 
approx.); (b) section through folded membrane. (Redrawn from 
Kesling and Paul, 1968.) 

gomospircs probably had a respiratory function, but 
ot greatest interest is their similarity to other types of 
folded membrane stnictiire in both c-ystoids and 
blastoids, which arose quite independently. Some 
tunctional and other considerations on such struc¬ 
tures are given later. The last known inadunates are 
Tnassic. The well-known Encriim.c lillifoniiis w'hich 
occurs ui the Clemian Muschelkalk is one of these. 

Flexible crinoids 

The Flexibilia (M. Ord.-U. Perm.; e.g. Proiaxocrinus\ 
Fig. y.43c) are less numerous and diverse than 
inadunates. They are all dicyclic with three 
intfabasals, one smaller than the other two. The 
lower brachials are incorporated into the cup but arc 
not ngidly joined so that the whole cup is flexible. 
The mouth and food grooves arc on the upper sur- 
tace ot the tegmen. There is a radiatial and an anal 
plate. Some evolutionary trends, such as the relative 
widening ot the calyx and the tendency for the low'er 
part ot the amis to droop over the cup, are parallel 
with those in the inadunates. 

Camerate crinoids (Fig. 9.37) 

Subclass Camerata (Ord.-M. Perm.) is the largest of 
.ill the Palaeozoic groups. In this group, which 
appeared some 4 Ma after the first inadunates, the 
cup IS rigid, the radianal plate is absent and some of 
the low'er brachial plates arc incorporated into the 
calyx. The mouth and tood grooves lie below' the 
tegmen, and in some cases (e.g. Ctutocrinm) the thin 
subtegminal tubes linking the brachia with the 
mouth have been preserved and can be dissected 
out. The amis always have pinnules. There are both 
monocyclic and dicyclic genera classified in the 


suborders Monobathrida and Diplobathnda, respec¬ 
tively. The earhest camcrates, such as the Lower 
Ordovician Rcteocrinus, have many features reminis¬ 
cent of inadunates, implying a rebtioiislup. A 
crinoid such as Aclinoiriiiites exhibits the basics of 
camerate structure clearly, in the exploded plate (In¬ 
gram and in the lateral and oral views. The tegmen 
is large and dome-shaped and has a subcentral anu.s. 
Anns arise from the circular brachial facets, winch 
arc lateral projections from the calyx. The many 
' interbrachial plates (IBrlir) and brachial plates 
which are incorporated into the calyx make a large 
rigid theca. 

In both monobathral and diplobathral crinoids 
there arc evolutionary trends parallel with those of 
the Flexibilia. Thus in the early genera such as the 
diplobathral Reteocriiuis, the interbrachial plates arc 
small and irregular, lying in depressed zones 
between the arms. In the descendants of RWnimiiiu 
they have become large, regular polygonal and less 
depressed. Funhennorc, the anal and interbraihial 
plates tend in the later genera to move upwards and 
out of the cup, pennitring a perfect radial symnictiy 
with the radials all in contact. Many other apparent 
evolutionary trends have been reviewed (Simms, 
1990, 1991), but have to be interpreted with cau¬ 
tion. An evident trend common to all crinoids is the 
increasing prevalence of fonns with pinnulate amis. 
This may, however, represent only an incrca.sc in 
‘variance’ (i.e. the number of types with pinnulate 
arms) followed by the extinction of all groups witli 
non-pinnulate arms, rather than a true trend 
impelled by functional necessity. 

There are many unusual camcrates. The 
Devonian SiYpliocritiitfs is a rather extreme fomi in 
which not only the lower brachials but also the 
lower pinmilar plates have become incorporated 
into a very large theca. Many genera, such as 
lianaiidcoaitius, developed curiously downtumed 
anus, drooping over the cup. The anus here are 
very broad, with the pinnules bent over to meet 
medially so that a trough was formed, presumably 
acting as some kind of food groove. The inclocnm* 
tids are a group ofeamerates in which the crown a 
rigid and bears five arms with five sets of parallel 
pinnules between, leading tow.irds the centre, 
Cowen (1981) drew the remarkably close analog)' 
between this arrangement and the ideal Layout of a 
banana plantation! The problems are the same, har¬ 
vesting an evenly distributed particulate resource. 
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and Its delivery to a central processing point with 
minimal expenditure of energy. As Cowen put it, 
‘cost-benefit analysis’ should play a part in func¬ 
tional studies. 

Mesozoic to recent crinoids: articulates 
The earliest articulate crinoids arc Triassic, and the 
carl)' genera bear a considerable resemblance to 
inadunates, from which they probably evolved. 
Some articulates, however, could possibly have 
come from the Fle-xibilia; the order would thus be 
I polyphyicne. 

I In articulates the calyx is relatively reduced: five 
basals, five infrabasals and five radials usually being 
present. The mouth and food grooves arc exposed 
on the surface of the flexible tcgnien, but brachials 
are never incorporated in the cup. Articulates are 
liirtlier and most importantly distinguished by the 
flexibility of their long anus, which can move up 
aid down, coil up or twist about. It is this character 
that has given them a great evolutionary advantage, 
lince the many genera of Order Comatulida which 
break free from their stalks in the early stages arc 
iblc actively to move around on the sea floor rather 
than being fixed. Of modeni crinoids only 25 gen¬ 
era have stalks, and these are rarely more than 0.75 
m long, contrasting with some of the giant 3 m 
atalked forms of earlier times. The .stems frequently 
I have elongate cirri empting from nodes and these 
dm are muscular, enabling the crinoid to ‘walk 
about' on them. 

Stalked isocriiuds such as Pcnlacrinilcs and 
|Snri>fnnH5 are quite abundant in the Jurassic, and 
there are many mid-Cretaceous fomis. Mesozoic 
and Tertiary genera are generally long-ranged and 
(Delude a number of micromorphic forms, e.g. 

The unstalkcd comatulids are very 
|lbundaiu today, there being 90 genera. In certain 
itegions of the world. Antarctica in particular, there 
Tic endemic comatulid faunas which have evolved 
'in isolation since the beginning of the Pleistocene. 
The Antarctic genera now seem to be spreading 
konhwards along the many submarine ridges radiat- 
log from the Antarctic continent. Comatulids first 
became common in the Jurassic; evidently the 
■potential for movement inherent in the unstalked 
bnnoids’ anns was realized early, 
b Successive comanilid genera continued through 
■die Mesozoic and Tertiary. The Jurassic Saaocowii 
IQs);. 9.41b) from the Solnhofen Limestone has very 



Figure 9.41 (a) Encrinus (Trios.), on advanced inadunale 

|x0.75); (b) Saccocoma (Jur.|, a possibly planktonic articulate 
(x 5). (Redrawn from Moore et o/., 1953.) 

long feathery arms and curious flattened lappets, 
being extensions of the pro.ximal arm plates. 

It is the most numerous macrofossil in the said 
lithographic limestone (Chapter 12), and because of 
its peculiar morphology has traditionally been con¬ 
sidered as a free-swimming fonn, floating mouth 
downwards with the lappets increasing the surface 
area and thus retarding sinking. Milsom (1994), 
however, has reinterpreted Saccocoma as a benthic 
form, lying passively on the sea floor with the arms 
arching upwards from their midpoint and fomting a 
horizontal collecting bowl for feeding, or used to 
intercept currents. SaccMoma was probably able to 
crawl and, since there was little other benthos, it 
seems to have been an opportunist, flourishing in 
vast numbers during periods when the sea floor 
was favourable to life. Large, plated, stemless genera 
(e.g. Marsiipites and Uiiilacritiiis) are well-known 
Cretaceous fossils. Most living genera are unknown 
as fos.sils. 
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Ecology of crinoids 

Modem unstalkcd trinoids live at all depths from 
sublittoral to abyssal; stalked fomis arc nomially 
found only below lt)()m. Crinoids are uncommon 
in shallow water and tend to be most abundant in 
rather inaccessible regions, so that until recently ht- 
tlc was known about their life and feeding habits. 
First-hand diving observations have illuminated 
many unsuspected aAiptations and stimulated func¬ 
tional considerations on ancient forms. However, 
knowledge is still very limited, and most observa¬ 
tions so far have been made largely on coniatulids. 

Present-day coniatulids divide into two quite dis¬ 
tinct feeding types: rhcophilic (current seeking) 
and rheophobic (current avoiding). Kheophilic 
crinoids (Figs 9.34b. 9.42, 9,43a) live in relatively 



Figure 9.42 Cenocrinus asterius Linne; a Recent rheophilic 
crinoid living at depth of 200-300 m of the north coast of 
Jamaica. The arms ore of radius 20-30 cm and form a vertical 
filtration fan. (Photograph reproduced by courtesy of Dr D.B. 
Macurda.) 


shallow current-swept waters and make use of the 
currents in feeding. 

During the day individuals may hide in cavities, 
but come out at night to teed, climbing with their 
cirri onto a high position on a rock or sea grass and 
unfurling their anns. The amis spread out in a ver¬ 
tical filtration fan, with the polar axis horizontal, 
the aboral side facing the current and the pinnules 
spread out to form a grating. The tube feet are 
extended from these to form a fine filtering net. 
Even with a current speed of only 2 cm s"' a surface 
of 500 cm^ can filter 1 1 s '. Such a system is remark¬ 
ably efficient, making use of existing currents. 


^ current direction 



I I 


Figure 9.43 (a), (b) Stalked rheophilic crinoids with calyces 
arranged to act as vertical filtration fans: (a) with no lift from ike 
current |b) with lift; (c) rheophobic crinoid (based on 
Protaxocrinus) with head acting as a horizontal bowl, [(a), (b) 
modified from Breimer and Webster, 1975.] 






Subphylum Crinozoa 299 


Rhcophobic crinoids live in current-free waters 
(though most deep-water crinoids are rheophilic). 
They rely entirely, as tar as is known, on gravity 
feeding; only through a continuous ram ot' dctrital 
particles can they obtain enough to eat. In the labo- 
ntoiy Antedon behaves as a rheophobe, though it is 
naturally a rhcophile. Rheophobes (big. 9.43b) are 
much less common. They lie on the bottom, the 
arms outspread to fonn a horizontal collecting 
bowl, capturing organic particles tailing onto it. 
Some rheophobes live in deeper waters, so that a fair 
amount of dctrital material has accumulated by the 
mile it reaches them, but they do not consume any¬ 
thing like the quantity that rheophiles do. They are 
limply exploiting a ditfereiit source of food, and in 
compensation their growth and metabolic rates are 
probably less. Abyssal crinoids (and others) may fil¬ 
ter horizont.al currents. 

Most tossil crinoids, stalked or unstalked, were 
probably rheophiles or rheophobes; hence their nmdc 
of life may be interpreted from their morphology 
(Breiiner, 19fi9; Ureimer and Webster, 197.S). Cam- 
ente crinoids have long and very fle.xible stems, as 
do some inadunates. Sometimes crinoid faunas con- 
listing largely of camerates occur in high-energy 
carbonate sequences. In the Lower Carboniferous 
Burlington Limestone of Missouri, the tnany cainer- 
Jtes (Families Actmocrinidae, Batocrinidac, etc.) are 
interpreted largely as rheophiles. The stems arc strong 
but flexible, and their flexibility increases towards 
the cup. I'he crown could thus assume the attitude 
of a vertical filtration fan, with the aboral surface 
being the current and the long anal tube facing 
away from it (Figs 9.34b, 9.43a). Since the anus of 
most camerates are biserial with very many pinnules, 
these crinoids would seem to have been higlily efli- 
aeiit filterers, straining off food particles bonie by 
the currents which, as is clear from the sediments, 
ire known to have swept the Burlington Limestone 
ica. 

Some camerate stalks have cirri on one side only 
ind were probably fixed to the sea floor in a recum¬ 
bent attitude, with only the crown and upper stalk 
tising above the sea floor, again being held as a ver¬ 
ticil filtering fan. 

Most flexible crinoids have short rigid stalks, and 
the crown could not have bent into a vertical posi¬ 
tion. Furthennore, the arms of the Flexibilia do not 
have pinnules, so all the evidence is against a 
jlheophilic mode of life. They arc best interpreted as 


rheophobes with the crown acting as a horizontal 
collecting bowl (Fig. 9.43c), though some may have 
been macrophagous hke modem basket stars. 

Despite the flexibility of their steins, no living 
crinoids have any muscles running down the col¬ 
umn and it is most unlikely that any fossil ones did 
either (Donovan, 1988b, 1989). The only fibres 
extending through the column are non-contractile 
ligaments of collagen. These, however, are mutable 
and connected to the nervous .system, and they are 
involved in controlling the posture of the column. 
This IS also aided by the fonn of the articulation 
between adjacent columnals (Fig. 9.44). 

Synostosial articulations, with their plane surfaces, 
allow almost no flexibility of the column. They are 
rare and confined to early Falacozoic crinoids. 
Symplexial articulations, with their radial ridges, 
would prevent twisting of the column and hence 
snapping, but would allow ‘rocking’ between adja¬ 
cent columnals to allow the stem to bend. They 
would also act as guides to allow the columnals to 
return to their origin.al position after such flexure. 
Synarthrial articulations, with their central fulcral 
ndges, allow substantial rocking between each 
colunmal and hence a very flexible stem. 

A number of very diverse ennoid faunas arc 
known, mainly from the USA, and can be inter¬ 
preted ecologically. The Crawfordsville Limestone 
of Indiana is full cif the stalks and crowns of 
inadunate and fle.xible crinoids and was deposited in 
quiet and poorly aerated waters. On morphological 
grounds most of the crinoids were probably 
rheophobes (though they might possibly h.ivc been 



Figure 9.44 Dilferent kinds of articulating geometries in 
crinoid columnals (ossicles), with longitudinal sections through 
columns below; (a) s/nostosiol articulation; (b) symplexial articu¬ 
lation; |c) synarthrial articulation. (Redrawn from Donovan. 
1988b.) 
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able to create their own currents by undulatory 
niovcincnts of the arms). The very different aspects 
of the Burlington and Crawfordsville crinoid fauna 
definitely point to a different ecology and feeding 
type. 

Perhaps the largest and most diverse fauna of 
echinoderms known is in the Middle Ordovician 
Bromide Formation of t)klahoma. In this e.xtraordi- 
narily rich deposit some 61 genera belonging to 
13 classes have been described (Sprinkle, 1^82). 
They lived in a variety of wami-watcr shelf deposits 
with depths ranging from 3 to 75 in and were com¬ 
monest in environments with a substrate of lime 
mud and skeletal debris, especi.illy where these were 
small brv'ozoaii mounds providing suitable attach¬ 
ment sites. Although the fauna is cnnoid-domiiiated, 
so many other echitiodemi groups arc present that 
tins IS surely the richest of all cchinodemi faunas 
known from any place or time. 

Palaeozoic cmioid gardens may have been strati¬ 
fied like a tropical jungle, partitioning resources by 
feeding on different food at different levels. 

Fossil articulates can likewise be interpreted as 
rheophilcs or rheophobes. However, in the case 
of the Mesozoic cnnoid family Pentacrinititfae 
{Peiitaainites and Sfirocriniis) different interpretative 
critena have been used. These arc very large, often 
spectacular crinoids, often found completely pre- 
sers'ed in black shales (e.g. Simms, 1989). There arc- 
two possible suggestions as to their mode of life. 
One is that they were benthic, but their long stems 
gave the calyx and arms the advantage of elevation, 
so that the feeding crown was able to filter from a 
region of the water not exploited by other organ¬ 
isms. A long-stalked crinoid could have gained lift 
from the current, provided that it w;is able to orien¬ 
tate the panibolic fan at the correct angle (Fig. 
9.43b). The whole system can be likened to a kite 
tethered by a cord. But unlike a kite the crinoid 
could probably regulate its own degree of lift by 
altering the curvature of the anus, the angle of the 
fan or the altitude of the pinnules. Given certain 
conditions, the crow n could rise or sink in the water 
to exploit food-rich levels. 

An alternative, currently more popular view 
(Seilacher cl jI.. 1968; Simms, 1989; Wignall and 
Simms, 1990) is that these giant crinoids lived a 
pseudoplaiiktonic life, hanging downwards from a 
floating log and thereby feeding from the surface 
plankton. Overcrcnvdmg is a problem for such 


pseudoplankton, hence the pendent life of such 
obligate forms as these. They are not unconiinonly 
found with fossilized driftwood, and further evi¬ 
dence for this life habit comes from a single bedding 
plane, now excavated and displayed in the 
Tubingen Museum, in which lie some 50 crinoid 
specimens, each with a crown about 80 cm actoss 
and a stem up to 15 m in length. They are preserved 
with the crowns face down in black euxinic shales, 
One interpretation of these is that they lived a 
jaseudoplanktonic life, hanging downwards from a 
floating driftwood log wdiicli slowly became watet- 
logged and sank, so that the crowns touched down 
first, followed by the stems which settled in loops as 
the log drifted slightly before coming to rest. In 
Seirocrinns the basal part of the stem is the more flex¬ 
ible, by coiitra.st with the norm. This too is in accor¬ 
dance with a pseudoplanktoiiic mode ot hte, for the 
stem needs to be flexible at the base to withstand 
storms yet rigid near the calyx to maintain control of 
the inverted posture. Species ot PaitMriiiitcs and 
Scirocrimis show httle morphological change through 
tune, and indeed have remarkable longevity .is com¬ 
pared with contemporaneous beiitluc crinoids. Thts 
conforms well to an interpretation as pseudoplaiik- 
tonic — a case of stabilizing selection for a very spe¬ 
cialized habitat. One group ot PeiiUicriniis species, 
incidentally with a shorter, densely citrate stem, may 
have departed from the pseudoplanktoiiic habit m 
have become benthic. 

Formation of crinoidol limestones 
Many Palaeozoic crinoids seem to have lived in 
‘crinoid gardens’, i.e. in clumps or patches isolated 
from other such areas and in which diversity m.iy be 
liigli or low. Other crinoids inhabited muddier 
water conditions. 

After death, crinoids usually break up through 
decay, disarticulation or the action ot scavengers. 
The specific gravity of the vanous components first 
increases, ow'ing to the removal of investing tissue, 
then decreases whilst the stercoplasm (tissue pene¬ 
trating the stereom cavities) is replaced by sea water. 
Where isolated coluniiials arc found they have been 
transported by rolling and may have conic from 
some distance. Commonly great thicknessc.s of 
limestone arc found, formed of short or long Icngtlts 
of stem, isolated ossicles or calycal plates. In the 
Carboniferous limestone of England crinoidJ 
debris of this kind can often fonn the bulk of the 
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KK-k. These rocks arc more or less autochthonous 
and represent the debris of crinoid gardens 
where the material was buried prior to complete 
disintegration. 

When onentated, short stem lengths are found in 
abundance; they w’ere rolled by the current into an 
area of accumulation, and the direction of the cur- 
lent that moved them can nonnally be told from 
their orientation. Unorientated debris found on the 
same bedding planes apparently became stuck and 
Was not moved by the current. The rare cases when 
CTown and stem arc preserved represent almost 
immediate burial before decomposition or, as in the 
case of Si'iroainiis, deposition in quiet and possibly 
anoxic waters. 


9.6 Subphyium Blastozoa 


Classes Diploporita and Rhombifera: 

cystoids 

‘Cystoids’ are a heterogeneous group of Palaeozoic 
blastozoans, aU of which have respiratory ‘pore 
Kructiires’ traversing the plates of the theca. 

Haplosphaeroitis (Class Diploporita; Fig. V.45) is an 
fOrdovician cystoid known mainly from northern 
I Europe. 

I It has an ovoid theca less than 30 nun in height 
[with a flat base by which it was attached to the sub¬ 
stratum. The theca h.as two circlets of polygonal 
plates, the lower circlet of seven plates (LL) and the 
! upper of seven perioral plates (POO). Above these 
Iks the peristome, constructed of five perioral plates 
and having at its centre the slit-like mouth. From 
tile mouth radiate five food grooves or ambulacra, 
tach of which has several branches temiuiating in 
‘small studs (ambulacra! facets) which were the 
points of att.ichinent of the food-gathering arms 
[(brachioles). lirachioles arc rarely preserved in cys- 
toids but are very similar in structure and function 
(0 the amis of crinoids, though small and simple. 
|Thev were probably spread out in a kind of hori- 
(lontal collecting bowl, extracting food from the 
‘water and passing it to the mouth via the ambulacra. 

I A well-defined ‘anal pyramid’ of five or more tri- 
togular anal plates is set at the junction of two of 
die POO plates. The anal plates could hinge open 
Lllong their bases and close again after evacuation. A 


small slit known as the hydropore, probably the 
entrance to the water—vascular system and charac¬ 
teristic of cystoids, is set near the peristoine. All 
plates except these of the peristome are densely cov¬ 
ered with twin perforations, surrounded by a raised 
rim and reminiscent of the pore pairs of echinoids. 
These are known as diplopores. They probably led 
to an external ‘papula’, uncalcified and resembling 
an elongated tube foot extended into the surround¬ 
ing water for respiration. This genus has been stud¬ 
ied in detail by Bockelie (1984). 

Strucfural characferisfics 

Some cystoids like Haplospluwronis were fixed by 
their bases to the sea floor or to a shell; others had 
stems which have been occasionally preserved with 
the holdfast intact, but these steins were always short 
and never reached more than a few centimetres in 
length. Many of the Ordovician cystoids had thecae 
composed of numerous irregular plates (e.g. the 
diploporite Ariitocystiles and the rhombiferan 
UcUimispUaeri ws). 

I he food grooves in cystoids were protected by 
cover plates. These food grooves may be short as in 
Sinocyslis (Fig. 9.4.S) or long, but only in Family 
Cheiroermidae (Class Khombifera) is there any doc¬ 
umented trend to lengthening the ambulacra with 
tunc. 

The curious (.Ordovician genus Aslerohlastiis has a 
star-shaped system of food grooves, very similar in 
appearance to the ambulacra of blastoids. Brachioles 
arose laterally from these, and the diplopores 
W'cre restricted to the interambulacral regions alone. 
It has been suggested that blastoids descended from 
cystoids through Asterohlasuis. This is unlikely, how¬ 
ever; it is more probably a case of convergent evolu¬ 
tion. Brachioles are rarely found in cystoids, and 
where they are known they are always short and 
slender. The gonopore (for the shedding of genital 
products) and the hydropore are usually distinct but 
sometimes combined. 

Pore sfructures (Fig. 9.46) 

The pore structures of cystoids, which are of 
very many kinds, provide a firm basis for classi¬ 
fication (Paul, 1968, 1972). Diplopores, as in 
Haplospliaeronis, are pairs of perpendicular canals 
through the theca, each opening in an e.xtemal 
depression (the peripore). Other kinds of pore 
structure are based on U-shaped tubes of various 
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Figure 9.45 Cysloid morphology and clossificoHon according to Paul's system, showing the high taxonomic value of pore strucluiw 
(Diogroms based moinly on Kesling et al. in Treatise on Invert^rafe Paleontology, Port S.) 
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figure 9.4d A pecKnirhomb, crossing plate boundaries and 
ilrawing the folded membrane. (Based on Paul, 1968.) 


hnds known as thecal canals which open to the 
external or ititernal surface through thecal pores. 
External pores are round and simple, sieve-like or 
lilt-shaped, intenial pores are always siiuple. 
Thecal canals are always tubular and may traverse 
the theca perpendicularly or tangentially (diplopores 
tre paired thecal canals forming U-pairs in the soft 
parts). 

Two quite distinct functional types of pore struc¬ 
ture can be distinguished. Endothecal pore struc¬ 
tures (dichopores) had canals that ran below the 
Itxtenial surface of the theca and communicated 
wth the surrounding sea water through external 
pores. If sea water was pumped through the canal, 
presumably by cilia, respiratory exchange could 
have been effected by gaseous diffiision through the 
thin calcified wall of the thecal canal which bathed 
I the internal body fluids. Kespiration was thus inter¬ 
nal. By contrast, exothecal pore structures (fistuli- 
pores) had internal pores and an external canal 
jmining outside the theca. Thus the body fluids 
tould have to be brought through the canal and 
laik down again within the theca, so that respira¬ 
tory exchange was outside the theca. These two 
jlteni.itivc methods of facilitating respiratory 
Stchange have their advantages and disadvantages, 
indotliecal stnicturcs were liable to choking by 
fcreign particles, but they may have slits, sieve 
plates or other devices to keep such foreign 
kodies out. A sieve usually protects the inhalant 
Mte alone, enabling it to be identified. Exothecal 
pictures did not have this problem but were 
able to abrasion or breakage, and in any case they 
Here much less efficient in terms of relative areas 
(surface e.xchange. 

Diploporite cystoids such as Hiiplosphaerotiis have 
Kimerous exothecal diplopores, as already 


described. These are simple paired tubes crossing 
the plate perpendicularly and leading to uncalcified 
external papulae. An alternative kind of structure 
IS the humatipore, in which the paired perpendic¬ 
ular tubes are linked by a complex of exothecal 
tubes. These are either flush with the surface or 
occupy raised humps. Diploporites like Holocystis 
(Fig. 9.45) have their plates replete with such 
humatipores. 

Rhombiferans may have exo- or endothecal pore 
structures which are alw.iys arranged in parallel sets 
w'lth a rhomb-shaped contour. Each rhomb 
crosses a plate boundary. Pectinirhonibs are higlily 
organized uniLs constructed of parallel dichopores. 
There arc nonnally only two to four in any one 
cystoid. Each dichopore may open in a single slit 
(conjunct) (Fig. 9.4(1) or have the central part 
roofed over (disjunct) to fonii a separate entrance 
and exit. Dichopores may be joined laterally (con¬ 
fluent) forming a single folded membrane. Such 
pectinirhonibs have a raised external rim and may be 
conjunct or di.sjunct. If disjunct, they have a thick¬ 
ened bar mnning along the line of the suture carry¬ 
ing a raised ridge on one side only. This has been 
explained as a mechanism for preventing the recy¬ 
cling of currents. The ciliary action of the cellular 
membrane lining the dichopores would produce a 
one-way current. Small particles dropping through 
to the base of the dichopore would be light enough 
to be disposed of by the ciliary current. Endothecal 
cryptorhonibs are made of parallel dichopores 
without the raised external structure of pec¬ 
tinirhonibs. They have sieve-like incurrent and 
simple excurrent pores. Humatirbombs are made 
of exothecal fistulipores likewise parallel and 
arranged in rhombs. 

Classification 

Many taxonomic schemes have been proposed for 
this complex and difficult group. The scheme of 
Paul (1972) adopted here (Fig. 9.45) difTe rs some- 
what from that of Kesling in the 7rtvjn.se on 
Ini'ertebrotc Poloontology. Paul has given high-level 
taxonomic value to the pore structures. In Class 
Diploporita there are only diplopores scattered over 
the thecal surface, many to a plate, other than in 
Family Holocystitidae where there are humatipores 
instead. In Class Rhombifera the members of Order 
Dichoporira all have pectinirhonibs or crypto¬ 
rhombs, which arc used to divide the order further 
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into siiperfainilics. Hiun.uirlioinbs characterize the 
other order, the Fistuliporata. 

Ecology 

Most cestoids were sessile and fed on sniaU organic- 
particles using their hrachioles. These brachioles are 
seldom fossilized but do not normally seem to have 
been very large. Judging by the size of the ambu- 
lacral facets in the Holocystitii.l.ie, however, the bra- 
chiolcs may in this family have been of fair 
dimensions. Possibly the closely spaced brachioles ot 
such genera as Haplospluicrotiis formed a food trap 
like that of some modern Phoronidea. 

Cystoids generally lived in shallow waters, and 
evidently diploporites were amongst the first colo¬ 
nizers of areas in which sediment deposition began 
again after a break. Cystoids had some tolerance of 
suspended sediment; conceivably exothecal pore 
structures could have been adapted to sediment- 
laden water. Where conditions were particularly 
favourable, cystoids lived together in clumps, and 
occasionally these assemblages were preserved in life 
position. 

Some cystoid genera are strikingly modified. The 
iliombiferan Pkiiwcystiies (Fig. ^>.45) h.is an .xsym- 
mctncal, flattened theca which has large irregular 
plates with pectinirhombs on one side and small 
fle.xible plates on the other. The two brachioles arc- 
large and forward projecting; the anus is located by 
the side of the stem, which is very flexible and 
tapering and lacks a holdfast. IHfurocystites probably 
lay on the sea floor with the flexible part of the 
theca down (Paul, 1^67), The stem morphology 
would allow undulating movements which would 
pennit forward propulsion, and thus the wlicile 
morphology of Pleiimystiles seems to be specialized 
for a mobile, benthic life. As such it bears a remark¬ 
able superficial resemblance to similarly specialized 
‘homalozcians’ (e.g. Colliiiniocystis; Fig. 9.49c), which 
cjuite independently acquired similar characters 
through convergent evolution. 

Why did cystoids need such elaborate pore struc¬ 
tures for respiration when the crinoids, which out¬ 
lasted them, got on perfectly well without them? 
Paul (1976) has presented a reasonable hypothesis 
about this based on the known palaeogeographical 
distribution of cystoids. One of the earliest known 
cystoids, the Tremadocian Mucroiystclla (which was 
originally thought to be an eocrinoid), lacks any 
pore structures, though its plates are thin and have 


radial ridges organized in rhombs. It lives in cold 
circumpolar waters, which would have had a fairly 
high oxygen concentration. Pore structures occur¬ 
ring in Its descendants, in other cystoids, and indeed 
in all other echinodenns with elaborate respiratory 
structures, are found predominantly in shallow, 
tropical seas. Nearly all Ordovician occurrences of 
pore bearers are between 30°N and 3ll°S of the 
palaco-equator. In such wann, shallow, tropic.il seas 
oxygen tensions arc very low during the night, and 
it is suggested that the pore structures were well 
adapted for coping with this. Furthennore, from 
evidence available at present it seems that the more 
eflicient pore structures (pectinirhombs) occur in 
genera living within I.S^N and 15°S ot the equator 
the less efficient ones have a wider distribution. 


Class Blastoidea (Figs 9.A7, 9.48) 

Ulastoids (Sil.-Penn.) are an extinct class ot stiiall, 
pcntamcrally symmetrical ‘pelmatozoans* character¬ 
ized by internal respiratory structures known as 
hydrospires. An individual blastoid had a short, 
fixed stem surmounted by a calyx from which arose 
a crown of brachioles. The stem and brachioles arc 
rarely preserved, and the majority ot species are 
known from the calyx alone. The plating differs 
from that of crinoz.oans. In some genera there are 
extra and complex plates, but only the standard 
plating stnicture is given here. Some SO genera are 
known. 

Peutremites comes from the Mississippian of North 
America. Nearly 70 species belong to this genus. 
P. symiiwtriciis (Fig. 9.47) from the Lower 
Carboniferous of Illinois has a bud-shaped calyx 
with five petaloid ‘ambulacra’ running from the 
summit to two-thirds of the way to the base. Each 
.imbulacnim is indented by a vertical median 
groove. There are three basal plates (1313). Above 
them are five radial plates (KR), deeply indented by 
the ambulacra, and surmounting the radials are five 
small rhomb-shaped interambulacral deltoid plates 
(A). Below each ambulacrum lies a long, spear- 
shaped lancet plate, largely covered by the small 
plates of the food grooves. 

At the summit there is a central, star-shaped 
mouth, and surrounding it are five large spiracles 
each set at the summit of a deltoid plate. One of 
these (the anispiracle) is larger dian the others 
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^i/re 9.47 Pentremitei, a lower Carboniferous spiroculate blostoid: (o) lateral view (x 2); (b) odoral view (x 2); (c| transverse sec- 
lion wilfi hydraspires (x 2); |d) oblique, tfiree-dimensional section showing brachioles and hydrospire system (x 10). 


because it contiined thi* intcnial anus, suggesting 
that the spiracles were some kind of outlet system. 

The ambulacral and subaiiibulacral structure is 
complex and is best studied by making tliin sections. 
These show that the lancet plate bears two lateral 
side plates associated with the elements of both the 
feeding and respiratory systems. Along each edge of 
an ambulacrum ran a single line of brachioles which, 
when broken otT, left distinct facets. These brachi¬ 
oles led to food grooves with biserial cover plates 
crossing the ambulacrum and joining with the 
median food grtioves which ran vertically to the 
mouth. Feeding was probably like that of crinoids. 
traces of the water-vascular system having recently 
been discovered. The hydropore was probably 
internal. Uerween adjacent brachioles is a narrow slit 
from which a pore leads down to the hydrospire sys¬ 
tem. Each of the paired hydrospires is simply a diin- 
walled, ngid, calcified tube, with a convoluted inner 
surface, lying below the ambulacrum and connected 


to the many hydrospire pores by individual thin 
tubes. A pair of hydrospires from adjacent ambulacra 
connects with a single spiracle. The subdivision of 
the inner face of the hydrospire into four smaller 
parallel tubes results from the infolding of the calci¬ 
fied membrane of which it is constructed. 

Diversity and function of hydrospires 
Hydrospircs may, as in Orlutrertiites (Carb.; Fig. 
9.4be), consist merely of straight undivided tubes. 
Usually, however, as in Pentremites, the hydrospires 
are convoluted (Fig. 9.47c,d), foniiing a hydro- 
spiraculum, which may have from two to seven 
folds. The hydrospire pores were probably lined 
with cilia, and their beat presumably created a uni¬ 
directional current, drawing water in through the 
pores, passing it along the hydrospiraculum and 
exlialing it through the .spiracles. The folding would 
undoubtedly allow a greater surface for respiratory 
exchange. 
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Figure 9.48 (aH^) Cadaster, a Carboniferous fissiculate blastoid with exposed hydrospire folds: (o) odorol view (x 3); (b) lateral 

view; (c) ambulacra with hydrospires in section; (d), (e) Orbitremites, a Lower Carboniferous spiraculote blastoid; |d) in lateral view 
(x 3); (e) hydrospires in section. 


How erticient were these structures? It is a fairly 
simple matter to calculate input and output flow 
rates by measunng cross-sectional areas of the 
hydrospire pores and the spiracles. In Globoblastus, 
where a complete study through ontogeny has been 
made (Macurda, W65b). the potential outflow rate 
in an adult could have been six times the inflow 
rate. Thus at an inflow velocity of 0.1 mms*', the 
water volume could be changed completely in 100 s 
in an adult and 40 s in a juvenile. In Globoblastus dif¬ 
ferential growth gradients seem to relate to hydro- 
dynamic and feeding efficiency by controlling its 
external form. 

Classificalion and evolution of blostoids 
Blastoids arose in the Silurian from an undetermined 
ancestor. Two orders arc distinguished: the 
Fissiculata and Spiraculata. The Fissiculata have 
open hydrospire folds, whereas the Spiraculata (e.g. 
Peutremiles, Globoblastiis, OrbilratiiU's) have spiracles. 

Fissiculate blastoids arc apparently more primi¬ 
tive. Codastcr (Fig. 9.48a-c), for example, has a sub- 


conical theca with a flattened upper surface. The 
upper edges of the radial plates form a ring around 
the horizontal deltoid, radial and lancet plates. The 
anus is off-centre, at the junction of two radials and 
a deltoid. Parallel with the edges of the lancet plates 
arc the upper edges of the hydrospirc folds, graded 
in size away from the lancet so that the hydrospirc 
system has a half-rhomb-shaped outline. There arc 
only a few reduced hydrospirc folds between the 
anus and the adjacent lancets. The side plates arc 
large and almost cover the lancet plates, as shown in 
Fig. 9.48c. It is presumed that the hydrospires func¬ 
tioned in a manner broadly similar to that of the 
spiraculate blastoids, but the system was probably 
less efficient. 

The Fissiculata are widespread and lasted until the 
Pennian. Such genera as OropluKrinus (e.g. Macurda, 
1965a) are well-known components of the 
Mississippian reef knoll and carbonate shelf fauna. 
Bizarre genera include Astrocrinus (L. Garb.) which 
has one aberrant ambulacrum and a displaced anus. 
Amongst several odd genera from the Pennian ot 



Subphylum Homalozoa, otherwise calcichordates 307 


Timor is Thaumatohlastiis. wliich has immensely 
extended lancets and a rounded base. 

Fissiculafes could have given rise to spiraculates 
by the lateral growth of the lancet and side plates 
and the inward migration of the hydrospires, though 
there is no uneejuivocal evidence. All spiraculates 
have true hydrospirc pores and spiracles. They gen- 
trally have the characten of Pcntnviites but may be 
long and thin (e.g. Troostocrinns) or near-globular 
mth the ambulacra extending right down to the 
concave base. Crctiera are distinguished by the plat¬ 
ing stnicture and the number of hydrospire folds. 

Ecology and distribufion of blostoids 
’ Blastoids were never an abundant component of any 
iitina except locally, where in thin bands they are 
Kimetiines so numerous as to make up the bulk of 
I ihf rock. There are, for instance, well-known bands 
31 the Visean of northeni England, where 
' Orhi/nviiti's is so abundant as to pennit mathematical 
,«udy ot variation and relative growth (Joysey, 
j 1959). These individuals were especially abundant 
iiiicnnoid bank deposits capping reef knolls. 

The few Silurian blastoid genera, both fissiculate 
md spiraculate, are entirely restricted to the North 
Aniencan continent, but by the ITevonian blastoids 
hid beconic worldwide. They reached a maximum 
in abundance and distribution in the Lower 
Carboniferous with about 45 genera. Though they 
ircrare in the higher Carboniferous, blastoids, often 
ot peculiar form, arc found in profusion in some 
wry localized places m the I'emiiari of the eastern 
lieinisphere such as Timor. Hy the end of the 
I'tmiun they were extinct. 


9,7 Subphylum Homalozoa, 
otherwise calcichordates (Fig. 9.49) 


I The calcite-plated asymmetrical tossils known vari- 
■nftly as hoinaJozoans, calcichordates, or by the 
llderaiid more non-committal name ‘carpoids’, arc 
perhaps the most bizarre and controversial of all 
inowii extinct invertebrates. They have traditioii- 
th been regarded as cchiiiodemis, but following 
^nes (1%8) many modem scholars have ;iscribed 
ion to Phylum Chord.rta (which includes the ver- 
dbrates). JetTeries and others use the tenii ‘calci- 
j.liurdates'; they believe them to be calcite-plated 


chordates with echinodemi aftinities which gave 
rise to other chordates, three times independently, 
by loss of the calcitc skeleton (Jefferies, 1986, 1997; 
Jefferies ct a/., 1996). So involved is this controversy 
that I can do no more here than sketch out a few 
details and direct the student to recent literature. 
None ot the diverse organisms included in the car¬ 
poids has radial symmetry and most show no planes 
of symmetry at all (except m the bilaterally symmet¬ 
rical ‘tiil’). They do, however, have projecting 
plated ami and tail-like structures, internal cavities 
and pores, and the problem has always been how 
to interpret them. Here temis from both the tradi¬ 
tional classification of the Treatise on Invertebrate 
Paleontology and that ofjefferics arc both referred to. 

The Ordovician Dendrocystoides (Class Honioio- 
stelea; or Soluta of Jefferies, 1991 () has a lobed, 
asymmetncal, flattened theca of small irregular 
plates, a single ‘arm’ , and an elongated ‘tail’ with a 
stout polyserial proximal part and a long, tapering 
distal portion. A hydropore (which indicates that a 
water-vascular system w.a.s present) and a gonopore 
he close to the base of the ami, while the anus is 
near, but to the right of, the insertion of the tail. 
T here is a single gill slit on the left-hand posterior 
side. Ceratocystis (Class Stylophora, Order Coniuta) 
bears some resemblance to Dendrocystoides despite 
having larger plates, but there are also many 
ditferences, including the presence of seven gill slits 
on the left-hand side ot the head. The most extreme 
version ot cornute organization is found m 
Cothurnocystis. This is a laterally flattened form with 
a boot-shaped theca and a ‘tail’ not unlike that of 
Dendrocystoides. A marginal frame of stout plates sur¬ 
rounds the theca, extending into a ‘tongue’, ‘heel 
strap’ and ‘toe’ for the boot. On one of the flat sur- 
taces there are projecting studs and a strengthening 
stmt crossing the theca. Small rounded plates fomi- 
ing a flexible cover occupy the surfaces of the theca 
within the marginal plates. These are slightly dift'er- 
eiit on the two sides. On the opposite side to the 
stmt are some 15 slits arranged in a curving arc, each 
with a hanging flap of small plates hinged above and 
fixed externally (Fig. 9.49c). Behind the ‘tongue’ is 
a pyramid of plates closing an onfice. 

It IS agreed by all authors that Collnirnocystis prob¬ 
ably lay flat on the sea floor supported by the 
marginal spines and the studs, with the surface with 
the stmt lying in proximity to the sea floor, the slits 
uppennost and the aulacophore fixed in the mud 
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or free. Expenmeiits with models indicate that 
tlu- tail was used to pull the head rearwards across 
the sea floor (Woods and Jefleries, 1992), and the 
recent discovery of a trace fossil with the allied 
RliiVJitihyslis lying at the end of its trail confinn that 
this was very likely the case. There is much dis- 
jgreoment as to how these structures arc to be inter¬ 
preted. The more traditional view of Ubaghs (1971) 
as to the homologies of the various structures vies 
exceedingly with that ofjetfcrics and his coworkers. 
Ubaghs has considered the slit-like pores to be the 
inhalant openings of respiratory organs, the large 
onficc behind the ‘tongue’ to be the anus, and the 
aulacophore to be a feeding organ. JetTeries, on the 
other hand, has proposed vertebrate homologies for 
the various organs. He has suggested that the theca is 
broadly homologous with the chordate head, the 
iulacophorc is equivalent to the chordate tail, that 
the sht-like pores are exhalaiit and homologous with 
vertebrate gill slits, and that the large orifice is the 
mouth and entrance to the respiratory system. The 
presence of the hanging curtain of small plates out¬ 
side the pores does in tact suggest that they were 
exhahint structures. The anus and gonopore, 
Kcording to JetTeries, are a small pertbration near 
the ongin of the stem, (lill-slits on the left-hand side 
of the head recall the structures of the larval 
aiiiphioxus, which likewise has left gill-slits only. 
According to JetTeries both Dctulnuysloitits and 
Collmwotystis belong to the stem group of the 
Chordata. 

Even more of a problem is the Ordovician genus 
Milwcyslelh (Class Stylophora, Order Mitrata) 
which has a large, flattened, though asynunetrical 
theca of irregular plates and a short, stumpy, down- 
curved stem or tail. JetTeries (19(>8) has desenbed 
this form as resembling a ‘large calcite-plated tuni¬ 
cate tadpede’. The theca has a margiiuil rim of large 
plates, while the slighdy smaller plates of both sides 
of the theca are irregular. An opening at the oppo- 
ute end to the stem leads to a central cavity inter¬ 
nally divided by ndges. In the inner dorsal surface of 
the theca are impressed senes of stellate and elongate 
grooves; these have been reconstructed by JetTeries 
into a complex series of stnictures reminiscent of the 
brain and cranial nerves of a fish. These and other 
stnictures (c.g. the left-lateral position of the anus, as 
111 a tunicate tadpole) led [efleries to hoinologize the 
sbt-like anterior onfice with a mouth, the stein with 
1 vertebrate tail and the ramifying canal system with 


the higher nervous complex within the vertebrate 
skull. In support of this view, the asymmetrical 
pharynx of a tunicate, for exampilc, would fit neatly 
into the head of a Mitrocystella. Ubaghs (1971), on 
the other hand, has interpreted the fringed opening 
as a periproct and located the mouth where Jefferies 
h.ts suggested the anus is. His argument th.it the ‘car- 
poid’ skeleton is identical in structure with that of 
cchinodcnns is countered by the ‘calcichordate 
school’ who argue that there is no reason for it not 
to have been; such a skeleton has been retained in 
the echinoderms, and lost in the later chordates. 
Whereas the whole issue remains controversial and 
unrc.solvcd, it retains its fascination. 

It has been known for a long time on embryolog- 
ical and anatomical grounds that the echinoderms and 
chordates are indeed related, and some authorities 
would group them together as Dcxiothetica. Jefferies 
(198f>, 1990) and Jefferies el al. (1996) view the Latest 
common .ance.stor of both as something like the mod¬ 
em hemichordate Ccphalodisnis, but lying on its nght 
side in the riiud (the dexiothccate condition) and 
thereby losing the openings and anus of the primitive 
right side. The various remaining organs can be 
homologized with those in the ‘calcichordates’, the 
stalk of the dexiothetic ancestor being the equivalent 
of the tail of Deiidmystflides, Cothiinioq'slis and by 
inference, modern chorcLites. Deiidrocysioidcs, which 
had developed a calcite-plated skeleton, is seen to 
occupy a critical position in evolution of the chor- 
datc/echinodenn ple.xus since it ret,ained both a tail 
and a water-vascular system. The fonner was lost in 
the echinodenns, while the latter disappeared in the 
later chordates along with the primitive calcite-plated 
skeleton. Here again the mitrates, according to the 
‘calcichordate school’ are of cntical importance, since 
they seem to have given nse respectively to the tuiii- 
cates, ccphalochordates and craiiiatcs, by independent 
loss of the calcite-plated skeleton, on three separate 
occasions. Hence the mitrates, from the cladistic 
point of view, should be assigned to the stem groups 
of these important taxa. 

It is of course equally possible that the lines of 
descent leading to modem chordates took place 
amongst soft-bodied animaLs which left no fossil 
record, and that the ‘carpoids’, rather than being in 
the direct line of descent, w'ere merely a rather 
pcculuar sideline whose evolution was in some ways 
parallel. The debate triggered olTby Jefleries’ origi¬ 
nal work has continued for 30 years, and has proved 
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to be perhaps the liveliest and certainly the most 
partisan controversy in the whole ot palaeontology’. 
Gee’s (1996) work is the most objective recent syn¬ 
thesis, and treats the subject in great detail. He com¬ 
ments ‘my sympathy for the calcichordate theory 
lies in the wealth and interest ot cjuestioiis it engen¬ 
ders . . not because 1 advocate that it is “riglit” or 
■‘better’". Admirably fair comment. 


9.8 EvoluHon 


There is no geological evidence as to the ancestry of 
echinodenns, since the first representatives appear 
already ditferentiated in the Lower Cambrian. On 
biological grounds, it seems probable that the chor- 
date-echinodenn group (Hexiothetica) on the one 
hand, and the lophophorate (brachiopod-bryozoan) 
poup on the other, were independently derived 
from a common wonn-like ancestor, allied perhaps 
to the modern Sipunculida. 

We have already referred to the model of jetferics 
(1986) and Jefferies cf <i/. (1996), which would 
derive chordates from calcichordates by loss of the 
talcite-plated skeleton. There are, of course, other 
views. An alternative proposal is that the ancestral 
adult of both echinodenns and chordates closely 
resembled the ‘dipleurula’ larval stage of modern 
echinodemis. This small planktic larva is cylindrical, 
with a ventral mouth and anus and symmetrical 
coeloniic pouches on either side. There is also a cil¬ 
iated band fonning a loop and niniung down cither 
tide, According to the ‘dipleunila theory’, the cili¬ 
ated band was present in the ancestral adult, 
together with its coordinating nerve plexus. In the 
branch that led to chordates this band fused in the 
midline to provide the rudiments of the dorsal ners'e 
cord. In the ancestral blastozoan—crinozoan stock, 
on the other hand, torsion led to the twisting of the 
gut into Its present position with a central, upwardly 
directed mouth and a lateral anus, while one of the 
toeloinic pouches was lost. 


Earliest echinoderms and tfieir 
radiations (Figs 9.50, 9.51) 

The earliest echinodenns were already highly diver- 
(ified on their first appearance in the Lower 
tambnan (Paul and Smith. 1984). Perhaps the 


most primitive belong to the Cmcta, disc-shaped 
forms such as Trociweystiles, which has small plates 
surrounded by a marginal ring of stouter plates, and 
a short tail. Amongst the earliest echinodenns is the 
monogeneric Class Helicoplacoidea, specimens of 
wliich were first discovered in 1963 and are known 
from a few localities only in westeni North 
Amenca. The body is flisifonn. lacking pentameral 
synunetry and with the plates (and internal muscles) 
spirally arranged. In three respects it shares charac¬ 
ters (autapomorphies) with living echinodenns; the 
plates have typical stereom stnicture, the ambulacra 
(three in number) have biserial ctwer plates, and 
they arc radially arranged round the mouth. The 
mouth IS laterally positioned and the anus is proba¬ 
bly apical. 

Three other, slightly later Lower Cambrian 
echinodenns have been described. Upuiocystis has a 
stalk, a cup, and arms with ambulacra running down 
them, characters unique to crinoids. SlromatocYititfs 
has a free-living disc-shaped body with five ambu¬ 
lacra on the first upper surface. It looks much like an 
edrioastcroid. (Jiwiplo.ttroma likewise has a flat upper 
surface with a kind of pentamery, and a conical 
body below, but it retained a spiral internal muscu¬ 
lature. Even in the Lower Cambrian these early 
echinodenns are widely separated in morphology 
and their relationships can only be understood 
cladistically. Smith (1988), using this approach, secs 
Hclicoplaais as being so generalized that it belongs to 
the stem group of all later echinodenns, and from 
which evolution took place in two main directions, 
of which it was close to the latest common ancestor. 
The first derived group were the ‘pelmatozoans’, 
crinoids, blastozoaiis and other ‘fixed’ echinoderms 
of which l-epidocystis was an early representative. 
The Class Eocrinoidea (Subphylum Blastozoa) 
which belongs here became very diverse by the 
Middle Cambnan and persisted into the Silurian. In 
many respects these fossils resemble the Crinoidea 
but their plates close right up to the penstoine and 
they do not have a teginen. Subsequent develop¬ 
ments included the later Blastozoa proper, of which 
the Eocrinoidea may have been the ancestral stock. 
There arose the c-ystoids and later the blastoids; 
short-lived forms ot bizarre appearance, the 
paracrinoids and parablastoids, also originated and 
soon became extinct. Meanwhile, in the early 
Ordovician true crinoids had originated to become 
the dominant pelmatozoan group. 
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Figure 9.51 A possible scheme for the relationships of early echinoderms. (Redrawn from Paul and Smith, 1984.) 


Tin- second line of dcsccnr led to all cleutliero- 
zuaiis (asteroids, ophiuroids, eclnnoids and holo- 
ihunans). Smith (1'JSS) identifies the Middle 
Cambrian Ciuiihrastcr as a member of the stem group 
which gave rise to the eleutherozoans. It is a small, 
disc-shaped echinodenn with five pentameral 
ambiilacral arms leading to a central mouth, near 
which lies the anus, and a prominent marginal 


ring of plates. This is generally considered as an 
edrioasteroid (and undoubtedly a line of descent to 
true edrioastcroids led off from it through 
Stmimtocysrites). Smith regards it as belonging to a 
stem group which also gave rise to all later 
eleutherozoans. The a.sterozoans derived from this 
morphology, by extension of the amis and reduc¬ 
tion of the marginal frame of plates, as seen in the 
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early Ordovician I'illehniiMstcr and the contempora¬ 
neous ophiuroid PrM-dcsiini. There arc certain 
synapomorphic characten wliich the primitive 
ophiurotds sliare with the earliest echinoids: loss of 
die marginal frame, enclosure of the radial water 
vcssels\ the presence of articulated spines, and the 
nioditlcation of the oral ambulacral plates into a jaw 
apparatus. It has been argued, therefore, on cladistic 
grounds that the earliest echinoids (the late 
Ordovician Auh'diiniis and Eitciiixtinus) together 
with Bothrioridaris fomi the sister group of the ophi- 
uroids. These first echinoids had a ‘good Uauplaif 
but Its potenti.ll was not hilly to be realized until the 
Mesozoic. A possible sister group of the echinoids is 
the Ophiocystoida which have bun-shaped inflated 
bodies and enonnoiis plated tube feet, but which 
also possess Anstotle’s lanterns. The holothurians (of 
whiili the earliest is the Devonian Piilaeonitunhtria) 
probably arose from ophiocystoids by plate reduc¬ 
tion, the Silurian RotusMcm: is in many ways inter¬ 
mediate between ophiocystoids and holothurians. 
llphiuroids, cchinozoans and holothurians arc thus 
seen to be isolated and Smith (1984a.b) places them 
together as Superclass Cyrtosyringida. 

The above analysis (Fig. 9.51).‘ba.scd on Paul and 
Smith (1984) and Smith (1988) is not exhaustive, 
but it testifies to the value ot cladistic an.iJysis in such 
a case as this, where it is sought to understand the 
interrelationships of such diverse and widely differ¬ 
ent organisms as the early radiation of the echino- 
dcmis produced. 

In summary', we see an initial Cambrian radiation 
ol very diverse fonns but living only m small, local¬ 
ized and scattered pockets. A further radiation in the 
Ordovician led to a great and rapid radiation, espe¬ 
cially ot the pentamcral groups. During subsequent 
penods the great range of higher taxa established in 
the Ordovician was drastically pruned. The non- 
ndial fonns were extinct by the Lower Devonian, 
and many of tlie pentamcral groups became extinct 
in the Penman if not before. Evolution m the later 
Palaeozoic and afterwards occurred only in wcll- 
Bicd and adaptable taxa, which sursive with great 
lufccss today. The pattern ot evolution within these 
groups varied greatly. In asterozoans, for instance, 
the peak of organization w.is reached early, and 
Acre seem to have been no major innovations 
wire the Palaeozoic. In echinoids, by contrast, 
nuny new types emerged throughout successive 
ffological periods, and in certain lines of descent 


each evolutionary step acted as a springboard for the 
next. 


Evolution of the tube feet 

The efficient use and differentiation of the tube feet 
has clearly been very important to echinodenii evo¬ 
lution (Nichols, 1974). Crinoids have the simplest 
niKl apparently most primitive system. In ennozoans 
there are no ampullae and tube feet are extnidcd 
only by the contraction of the radial water vessel, 
which is the only pressure generator. Ecliinoids and 
dcndrochirote holothunans have ampullae, which 
are the main pressure generators, but contractions 
of the radial water vessel are still important. 
Aspidochirotes, on the other hand, can extend a 
relaxing tube foot only when a neighbouring one 
contracts, sending water into the c.xtcnding one. 

Asteroids and ophiuroids have ampullae, but to a 
varying extent inflate the tube feet by contracting 
the lateral and radial water vessel. The tube foot 
extensor system in extinct cchinodemis has been 
inferred by analogy with that of modem fonns. 


Why pentamery? 

Not all echinodentis have pentameral symmetry. 
Early cystoids are radially symmetrical but may have 
five symmetncal plates in the anal pyramid, whereas 
later cystoids acquire pentameral thecae. Hut other 
than in carjioids’ and other early groups, pentameral 
symmetiy is so characteristic that there must surely 
be a good reason for it. Nichols (1974) h.is suggested 
that the sutures binding echinodenii plates must have 
acted as lines of weakness. C'inly if there had been an 
odd number ot plates would ‘opposite’ sutures have 
been offset so as to give greater strength against 
breakage. A circlet of three plates is too few, whereas 
five seems to be an ideal number for maximum 
resistance. A similar angular offset is needed to guard 
against accidental rupture along lines of pores, as in 
an echinoid, which has been called ‘postage stamp 
weakness’. The offsetting of pore rows in multiples 
ot five has been an ideal compromise between 
strength ot test and maximum number of tube feet. 

On the other hand, damaged echinoid tests rarely 
break along the sutures, since the latter are re¬ 
inforced with strong collagen fibres; hence the 
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sutures are not necessarily the weakest part of the 
test. Another suggestion is that a pattern of five 
combines a nearly constant width presented in 
almost any direction in the horiaontal plane with a 
small number of rays. 


Convergent evolution and intermediate 

forms 

A striking characteristic in the early echinodemis is 
for the same kind of structure to develop over and 
over again in distinct though unrelated stocks. An 
example is the folded membrane structure found in 
blastoids, cystoids and the ennoid family 
Forocrinoidea, in all of which it seems to have 
evolved independently. Paired pores have arisen 
independently in diploporite cystoids and in echi- 
noids. Lanceolate ambulacra and a stem are present 
in blastoids and in the peculiar genus .Hstrocyslilt’s, 
which in other respects is more like an edrioast- 
croid. It has been proposed that a new class, the 
Ednoblastoidea, be established to accommodate this 
genus, but it may simply be better to regard this 
genus as an edrioastcroid convergent on blastoids. 

Very many of the Lower Palaeo^oic echinodemis 
are thus of a composite type which, as Regnell 
(1960) has pointed out, lie in the direct lineage of 
none of the later cchmodcnn groups but present 
features from several of them. Perhaps the most 
extreme case may lie in the convergence between 
the ‘carpoid Cotliiirnotystis and the cystoid Pleiiro- 
cystiles. Indeed the controversy over the relation¬ 
ships of the.se same 'caiyioids' illuminates the fact 
that within the early echinodenn—chordate line only 
a few kinds of structures seem to have been able to 
evolve and carry out particular functions. 

The ‘intennediate fonns' that liavc evolved, often 
with a puzzling combination of characters, have 
been the bane of echinodenn taxonomy, though 
this IS being resolved to a considerable extent using 
cladistic methodology. It is not easy to try to pro¬ 
duce an objective phylogenetic scheme where such 
extreme genera are involved. Quite apart from the 
taxonomic question there .are deeper evolutionary 
issues. Why, from the genetic point of view, should 
early echinodemis have produced similar structures, 
independently hut often and so consistently? It is of 
course true that early members of a group tend to be 
rather generahzed. whereas later ones are frequently 


specialized, having suppressed or eliminated more 
generalized traits. Perhaps the genetic potential for, 
say, folded membrane stnictures was present in 
many Palaeozoic echinodemis, though suppressed 
in the majority and only rc.ilized in a few isolated 
groups. Whatever the ultimate answer, these per¬ 
plexing early invertebrates, more than those of any 
other groups, seem to spotlight some coinple.x and 
little-known aspects of evolutionary theory that 
have so far received but scant attention. 
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Graptolites 


Abundant stick-likc fossils arc sometimes found in 
Lower Palaeozoic black shales or more rarely in 
other argillaceous rocks of the same age. These are 
the graptolites, so called from their resemblance to 
written marks on the shale (C’.reek: Xl0O^ = to 
write; Ypa(t)eiv = stone). They may be straight or 
curved, sometimes spiral in form, single-branched, 
bifid or many-branched. When preserved in the 
most common way, i.e. flattened in shale, one or 
both edges appear serrated like a tiny saw blade, but 
otherwise not much structural detail may be visible. 

These fossils are of singular importance m estab¬ 
lishing a stratigraphical timescale for the Lower 
Palaeozoic and have been ol zonal value since the 
mid-nineteenth century. Though much of the 
stratigraphical work that has been done is based 
upon specimens preserved as flattened carbonized or 
kaolinitized films (even so, they are still identifiable), 
the anatomy of graptolites can only be properly 
understood with reference to the relatively rare 
specimens preserved in three dimensions. 


10.1 Structure 


‘Graptolites’ is a vemacuLir tenii for members of 
Class Graptolithina (Phylum Hemichordata). They 
are cokuiial marine invertebrates now believed to 
bear a distant airinity to vertebrates, though for a 
long time they were regarded as being allied to 
corals, which have a much simpler grade of biologi¬ 
cal organization. Within Cla.ss Graptolithina there 
arc several orders, of which only two are of any 
real importance; the Graptoloidea (Arenig-Pragian) 
and the Dendroidea (Trcmadoc—Carboniferous). 
E.xamples of really well-preserved genera of these 
two mam orders will be described below, but it has 
to be made clear that graptolites are rarely preserved 
like this; in the nomial course of preservation very 


much fine detail is lost. Even so, it is surpnsmg how 
much remaining structure can sometimes be found 
even in crushed and carbonized specimens. 


Order Graptoloidea 

Saetograptus chimaera (Fig. 10.1) 

This Ludlovian species (Urbanek, 1958) is found 
only in glacial erratic boulders, originally derived 
from rocks under the Baltic Sea and now scattered 
over the North Gcnnan and Polish plain; specimen* 
can be isolated from the rock with acid. 

As in all graptolites the ‘skeleton’ of SMlograplus 
consists of a series of hollow interlinked tubes, 
constructed of a thin shcct-likc material known as 
periderm. 

The first-formed part of the graptoloid is the sic- 
ula: a conical tube with its aperture pointing down¬ 
wards and terminating at its apex in a long, hollow, 
rod-like nema. extending well beyond the upper 
limit of growtli of the sicula. The sicula is divided 
into two parts; an upper prosicula and a lower 
metasicula. The prosicula has a thin proximal p,irt, 
the cauda, and a broader distal conus has an orna¬ 
ment of longitudinal and spiral striae; the inetasic- 
ula, like all other parts of the graptoloid, u 
ornamented with well-marked rings representing 
periodic, perhaps daily, growth increments and 
known as fuscUac. Fuscllar tissue consists of tliin 
half-rings or complete rings of skeletal material 
stacked one above the other and uniting along 
zigzag sutures. In the sicula the suture on one side 
has the characteristic zigzag form shown in all grap¬ 
tolites; on the other side the fiisellar half-rings arc 
joined to a stout rod (the virgella) which projects 
below the aperture and may curve slightly under it. 

From the sicula there grow up a number of cup- 
like thecae (singular; theca), the first-formed of 
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l^re 10.1 MoipKology of ^togrop/us chimaera: (a) lateral view; (b| frontal view; (c) structure of theca and common canal with 
twiremoved (x 40 approx,). (Modified from Urbanek, 1958.) 


kli begins at a primary notch in the growing 
ot the sicula and on its virgellar side, before the 
ipnieiit ot the latter is complete. The initial 
grows up from the primary notch to form the 
of the thecae, which in turn gives rise to succes- 
thecae increasing in size ;iway from the sicula 
ilabout the fifth or sixth theca, after which the- 
idimciisions remain constant. The thecal aper- 
pouit upwards but are obliquely inclined and 
led with paired apcrtural spines. 
tHic cavity of the first-fomied theca connects 
ihat of the sicula through a foramen, and all 
thecae likewise link up with one another 
'h a common canal close to the nema, since 
ation walls ot the thecae do not extend from 
Hkstal part ot the nema. Where the nema is 
!d in the wall of the graptoloid it is known 


as the virgula. The partition walls themselves are 
double-layered structures, the wall being secreted 
from both sides (Fig. 10.1 c). Each theca has two 
parts: the protheca, proximal to the nema, through 
which the common canal runs; and a mctathcca, 
which is the external part divided by partition walls 
and possessing apertural spines. The growth lines of 
the thecae tend to be more widely spaced toward 
the aperture, presumably signifying a period of faster 
growth towards the end of thecal fomiation. 

Since graptolites were colonial animals, with the 
inhabitants ot the thecae and the sicula (whatever 
they may have been like) linked to one another 
through the common canal, it is presumed that food 
caught by one individual would be ingested and 
shared by the whole colony. This colony is known 
as a rhabdosomc (an older and less correct name is 
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interthecal septum 


virgella 
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polypary), and the branches are stipes; SiU'iojimprus 
has only one stipe. 

Tlicrc IS no direct evidence about what sort of 
aiumal was found in each theca. It is assumed that in 
each theca there was a zooid - a simple animal with 
some sort of food-^athenng apparatus, possibly a 
lophophore — and that all the zooids were con¬ 
nected internally by tissue. The pyritized remains of 
retracted graptohtc zooids, and tubes connecting 
them, have been found in the Australian anisograp- 
tid Psifiraptus (Rickards and Stait, 1984). These, 
however, reveal no details of tentacles or other fine 
structure. The nature of the zooids will be con¬ 
sidered after the .iflinities of the graptolites are dis¬ 
cussed in more detail (section 10.3). 

Diplograptus leptotheca [F\g. 10.2) 

Diplograprus is a Caradocian graptoloid with two 
stipes in the rhabdosome. Uoth of these are united 
back to back with the nema in between; the rhab- 
dosome is said to be scandent and biscrial. This 
graptoloid is structurally more complex than 
Sactogrijptus, especially in the proximal end, i.e. the 
sicula and the first-fonned thecae which surround it. 
Though the stnicture of the proxim.il end is difficult 
to work out in mature specimens, individuals in all 
growth stages have been found, and these can be 
arranged in a developmental series showing c.xacdy 
how the different thecae originate and form 
(Biilm.ui, 1945-1947). 

The sicula is broadly similar to that of Sactograptiis 
but has two apertural spines, and the initial bud arises, 
not by the formation of a notch in the growing edge 
of the sicula. but by the resorption of a foramen 
higli up on the inetasicula before budding. This sys¬ 
tem is actually more nonnal in graptolites than the 
specialized mode of development in Saetograptiis. 

'file thecae arc numbered in pairs according to a 
conventional notation, so that the first-fonned theca 
is th. 1', the second which originates from it is th. 
1*, the third 2', the fourth 2‘, etc. In a biscrial grap¬ 
toloid such as Diphgraplus the thecae on one side are 
numbered 1', 2', 3', 4', ... and on the other are 
numbered 1^, 2’, 3^, 4’. 

In DiplograpUus th. I' grows down almost verti¬ 
cally to about the level of the sicular aperture and is 
then sharply hooked upwards to tenninate with an 
apertural spine at its hp. Th. 1* arises from th. 1' 
near the sicular foramen, before the growth of th . I' 
is complete. 


Th. 1^ is first directed upwards, then is tsvisied 
into a recumbent S-shape, and finally grows across 
the front of the sicula, becoming welded to it and 
fonning a crossing canal. Curiously enough, the 
ftiscllae that fonn the crossing canal are laid down 
not only at the growing aperture of th. 1’, but also 
as a flange .ilong the already-formed tubular surface 
of th. 1'. The two parts of th. 1’ unite to form a 
tube open at both ends, so that when fully fonned 
th. 1^ terminates in an upward cuiwe, while th. 2' 
arises on the opposite side from th. 1^. Then th. 2^ 
grows up from th. 2', fonning another crossing 
canal. Likewise the latcr-fonned thecae all pass in 
front of the sicula or the nema, each time fonning a 
crossing canal. 

The mode of growth is marked by the fusellae (c£ 
Fig. 10.4) so that the developmental history is clc.ir 
from them, but it is more useftil to be able to sec all 
the stages in growth from the developmental series 
here illustrated. 


Order Dendroidea 

The dendroids are the most ancient of all the 
graptolites and were apparently ancestral to the 
graptoloids. Flowcver, their morphology is com¬ 
plex. and they have various organs which arc not 
possessed by the descendent graptoloids. Nomially 
dendroids arc preserved, as arc most graptoloids, as 
compressions in shale, but rare three-dimcnsioiiJ 
specimens can be isolated from the rock or studied 
by means of thin section, so their detailed morphol¬ 
ogy is quite well known. 

The basic stnicture of dendroids was worked out 
in the late nineteenth century by the Swedisli 
palaeontologist Carl Wiman, mainly from send 
sections. It was later elaborated by Uulnuii 
(1945-1947) and most particularly by Koszlowski 
(1948), who has described in great detail a rich amt 
varied fauna cat dendroids and other graptolites from 
the Tremadoc of Poland. 

Dendrograptus [Fig. 10.3) 

Dcudrograptus, known from the thrce-dimensioiul 
material studied by Koszlowski, exhibits the repre¬ 
sentative dendroid structure admirably. The 
inverted conical sicula stood upright upon the sci 
floor with its apical base expanded into a holdfast. 
At a point about halfway up the sicula arises the 
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Figure 10.2 (oHO Development (x 30 approx.) and (g) odult morphology (xl2 approx.) of Diplographjs leplolheca. (Modified 
torn Bulmon, 1944-1947.) 


stolotheca, which is equivalent to the prothecal 
(erics surrounding the common canal in Saelograptus 
and, with daughter stolothecac. forms a continuous 
' closed chain all the way up the rhabdosomc. From 
this there arise two kinds of thecae at successive and 
equally spaced nodal points. These are the large 
Tutothecae and the smaller narrower bithecae, 
which always come off the stolotheca at the same 
level. The bithccae in Dendrograptm maintain con¬ 
stant width, but each is nonnally looped over 
between the associated autotheca and the stolotheca, 
so that the aperture is on the opposite side of the 
Itolothcca to the origin. In other dendroids the 
bithecae may be simple straight cylinders or be vari¬ 


ously looped or coiled. The autothecae are very 
much larger and expanded upwards, each terminat¬ 
ing in an outwardly inclined but often elaborately 
sculptured aperture with a median tongue. 

The arrangement of the autothecae and bithecae 
follows the ‘Wiinan nile’ of alternating triads; bithe- 
cae usually arise at alternate nodal points on opposite 
sides of the main stem and arc carried distal to the 
autothecae. When the rhabdosomc branches, the 
stolotheca splits and the Wiman rule alternation 
continues on each daughter stolotheca. In some 
species the auto- and bithccae arise in sequence at 
angles of 90° rather than 180° from the one below. 

Within each rhabdosomc there is an internal 
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Figure 10.3 Morphology of the proximal end of □ dendroid, 
Dendrograpivs communis: (a) frontal view; (b) reverse view - the 
cut-away panels show the stolons (x 40 approx.). (Modified from 
Kozlowski, 1948.) 

tubular system running from the sicula all the way 
along tlie stolothcca and tlie base of each autotlicca 
and bitheca. This stolon system is ctnly found in 
well-preserved specimens, but Wunan detected it in 
his senal sections and believed it to have carried an 
internal apparatus such as a nervous system. 
Koszlowski confirmed this suggestion when study¬ 
ing modem pterobranchs, which arc small, tube- 
dwelling, marine animals, for they arc apparently 
the nearest living relatives of graptolites and have an 
equivalent stolon enclosing just such a nervous sys¬ 
tem as Wiman postulated. No stolon system is found 
in the Graptoloidea, but it is developed in some of 
the other orders, especially the Stolonoidea, where 
there are very many peculiar and irregularly branch¬ 
ing stolons. 

The fiisellar nssue of dendroids is broadly similar 
to that of graptoloids. However, there is also 
another kind ot pcridennal maten.il: the cortical 
tissue, which is laid down in thin, flat bandages 


covering and enveloping the earlier thecae. (If is 
usually present in graptoloids as well but is very thui 
and only clearly seen with the electron microscope. 
Dendroid cortical tissue is much thicker and n 
clearly visible.) Such cortical sheets fonn the hold¬ 
fast which affixes the colony to the sea floor. 


Preservation and study of graptolites 

The three genera described above are of some of the 
best-preserved graptolites known. They all come 
from fine argillaceous limestones, and though speci¬ 
mens may be very abundant locally such occur¬ 
rences are rare. Three-dimensional specimens of 
such a kind must be freed from the rock so that they 
can be studied in the round. The rocks arc initially 
broken into fragments, treated first with hydroeWo- 
ric acid and then with hydrofluoric acid, and after 
washing may be picked out and individually trans¬ 
ferred to a concentrated nitric acid and potassium 
chlorate solution which renders them translucent, 
They arc then dehydrated in a concentrating alcohol 
series, cleaned in xylol and finally mounted on slides 
in Canada Balsam. Such specimens are then of clear 
brown hue and virtually transparent. 

With the light microscope, at relatively low mag¬ 
nifications, individual thecae and the sicula may be 
very clearly marked with fusellar rings. E.\ccllent 
detail may be seen with scanning electron inicrogn- 
phy (Fig. 10.4). 

Such fusellae are occasionally seen even in flat¬ 
tened specimens, though in typical specimens of 
Soetograptus chimacra the carbonization of the perid- 
enn has often gone too far to have conserved the 
microstructurc, and growth rings may be lost, yet 
the three-dimensional structure of the rhabdosonie 
is still preserved. When carbonization is complete 
the graptolite may be isolated from the rock, as with 
S. liiiinaem. Sometimes, however, carbonization u 
incomplete, and attempts to free the graptolite cause 
it to crumble when extracted. Then the oiJy wayto 
elucidate the structure is to make closely spaced ser¬ 
ial .sections through the specimen after embedding it 
in plaster or resin, cutting the sections nonnal to the 
long axis of the rhabdosomc (Fig. 10.6). If the struc¬ 
ture is very complex, especially in the region of the 
sicula and the first few thecae (the pro.ximal end), it 
is often useful to build up models in wax from these 
sections, by superimposing one layer after another. 
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%ure 10.4 Climacographjs inuiti: (o) a montage built up from 
photomicrographs showing banded fuselibr tissue (total 
will) at top approx. 1 mm); (b) cortical bandages secreted by 
Idividual zooids (x 500). (Photographs reproduced by courtesy 
dDr Peter Crowther.) 


In practice the wax is cut to show the internal struc¬ 
ture of tlie graptolite preserved as a core, for in this 
way relationships of the thecae are more clearly vis¬ 
ible (Fig. 10.5). 

Not infrequently the peridenn is completely 
destroyed, but an internal mould of the whole rhab- 
dosome may remain, retaining the three-dimen¬ 
sional organization as a pyrite core. Sometimes these 
cores retain carbonized periderm on the outer sur¬ 
face, but this tends to flake off. Such preservation is 
common with specimens preserved in black shale, 
the pyrite being derived from organic matter decay¬ 
ing in an anoxic environment. As with the wax 
model the peridenn has gone, but the shapes and 
convolutions ot the thecae remain in their original 
relationships, and internal walls or septa may be 
clearly visible. However, the most common, and 
unfortunately the least revealing, of the various 
kinds of preservation is that where the rhabdosome 
has been completely flattened and preserved only as 
a compression; a carbon or aluminosilicate film on 
the rock. Even here, however, thecal shapes are 
usually retained so that the fossils can be readily 
identified, and it is from such specimens that most 
graptolite species and faunal sequences are known. 
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Figure }0.5 Reconstruction of port of a Climacograptus stipe. 
The upper and lower zooids ore withdrown inside iTie thecae but 
with extended lophophores, the central one is extended and is 
'painting' cortical bondages on the outside of the rhabdosome. 
(Redrawn from the complete model of Crowther and Rickards, 
1977.1 


UltrasIr-ucKire and chemistry of 
graptolite periderm 

For a long time il was believed that the graptolite 
pendenii was constructed of chilin or a related 
hydrocarbon. The translucent brown appearance of 
isolated graptoloids, the widespread use of chitin 
throughout the aniin.U kingdom as a structural com¬ 
ponent, and the reported presence of glucosamine 
which IS a known chitin breakdown product all 
seemed to suggest chitin. However, more recent 
work has tailed to detect glucosamine, and it is now 
agreed that, whatever the original material of the 
graptolite periderm may have been, it was not 
chitin. 


T he ultrastructure of the graptolite periderm, 
which has now been intensively studied (Urbaiiek 
and Towe. 1974, 1975), sheds light upon this com¬ 
plex topic. Fransmission electron micrography of 
exceptionally well-preserved graptoloid and den¬ 
droid matenal shows that the fusellar and conical 
tissues arc constructed of several kinds of fabric (Fig. 
10.7). 

Furthermore, the existence of cortical tissue in 
graptoloids as well as dendroids has been confimied, 
though in the latter it may be ver^’ thin. Cortical 
fabric, which makes up most of the cortical nssiie. 
consists of closely packed parallel fibrils. In most 
graptolites these fibrils are arranged in short, ribbon- 
like cortical bandages deposited one after the 
other in successive layers. This gives the impression, 
in thin section, of stacking in successive layers with 
alternating orientation. The manner of packing and 
the size of the cortical fibrils is strikingly reminiscent 
of the appearance of the protein collagen, which is 
an important structural component of many animal 
tissues, and this close resemblance indeed indicates 
that the original peridenn material was collagen. 

Fusellar fabric, though probably also collage¬ 
nous in nature, is made of fibrils in a more open 
meshwork. The bulk of the ftiscllar tissue is made of 
this fabric. There are also at least two kinds of iion- 
fibrillar sheet-like material. Such sheet fabrics are 
found delimiting particular layers within the cortical 
tissue, forming a tliin cxtcnial coat on the outside of 
the fusellae, deposited as a tliin secondary sheet 
inside the thecae, and occurring inside the stolon 
sheath. 

All these kinds of fabric may occur in cither cor¬ 
tical or fusellar tissue, but one kind is usually pre¬ 
dominant. Thus cortical tissue is largely cortical 
fabric, though sheet-like fabrics form layers within it 
as well as outer and inner linings. Fusellar tissue may 
also be sporadically present in patches. 

Fusellar tissue is mainly fusellar fabric and may be 
entirely so. but in some dendroids laminae of corti¬ 
cal fabric may be present, and sheet fabrics arc nor¬ 
mally present. 

Graptoloids may have, m addition to all the other 
fabrics, a peculiar virgular fabric which has been 
found, for instance, in the monograptid neina, and 
also in rctiohtid graptoloids in which the peridemiis 
reduced to a meshwork of girders. This fabric lus 
long fibrils set parallel with one another in an elec¬ 
tron-dense matrix, and the fibrils themselves have a 
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I ‘ ^re 10.6 MorpholOTy of Glyptograptus austrodentatus americanus, an early (Llanvirn) diplograptid: (a) simplified diagram 
^ |*ojMng relationships of thecae and sicula at the proximal end; (b), (c) frontal and reverse views of a wax model (x 30 approx.) built 
: If from serial sections, some of which are illustrated in (d) (x 25 approx ); (e) odult rhabdosome (x 6). (Redrawn from Bulman, 1963.) 
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radial uitenial Ntructure which has not been found 
elsewhere. 

Ultrastructiiral study of numerous giaptolites has 
shown that the cortical bandages swathe the whole 
outer and inner surface of the rhabdosonic as with a 
mummy, thereby thickening and strengthening the 
tube walls. In most graptoloids and in dendroids the 
bandage pattern is remarkably constant despite an 
often sinuous course, and there is a close relation¬ 
ship between the width of the cortical bandages and 
the si?e of the thecae. Moreover, the bandages arc 
often seen to radiate from the thecal aperture, and 
all these tacts suggest that the zooids inhabiting the 
thecae were directly responsible for secreting 
the bandages. Some authorities (Crowiher and 
Kickards, 1977; Crowther, 19bl) believe that the 
only way in which such bandages could have been 
secreted is that the zooids crept out of the thecae, 
each tethered by a long and ftexible stalk, and slowly 
moved over the surface, plastering on new cortical 
rnatenal in a continuous ribbon as they did so, as if 
by a paintbrush (Fig. 10.5). The oral disc was prob¬ 
ably the secretory site. Bandages inside the thecae 
were secreted in the same way by the zooid within 
the thecal tube. 

Novel though this model seems, it is at least par¬ 
tially supported by a study of ptcrobranchs, the 
nearest living relative to graptolites. In the ptero- 
branch genus Rhiihdopleina the tubes have a superfi¬ 
cial resemblance to graptolitc fusellar tissue, though 
ultrastructurally and biochemically the tw’o are 
rather different. There is no extrathecal tissue in the 
ptcrobranchs and, in Cfphalodisnts at le.xst, the 
zooids can wander about over the surface of 
the colony, moving on their cephalic shields. 
Furthermore, although no living pterobranch has 
actually been observed in the act of secreting its 
skeleton, the secondary tissue at least could only 
have been produced by the zooids during these 
wanderings. In graptoloids it is probable that both 
fusellar and cortical tissue were produced by the 
zooids’ cephalic disc. 

In the opinion of some, the form and arrange¬ 
ment of cortical bandages makes it unnecessary to 
postulate the existence of extrathecal tissue in grap¬ 
tolites, but the construction of nemata, nemal veins 
and homologous structures in dendroids is not easily 
explained in this way. 

The nema has been shown to be a hollow rocf, 
open at its distal end. It must have been constructed 


by secretory cells within the rod, and these may 
have migrated over the tip to lay down comcal 
material on the outside. This could, in fact, have 
extended into a cover of extrathecal tissue over die 
whole of the sicula and even over the rest of tlie 
rhabdosome. 

The study of the nature and distribution of these 
structural fabrics, which is actively being investi¬ 
gated, suggests a wide variety' of distributional and 
compositional patterns amongst the graptolites, 
especially in the Clraptoloidea. This will probably 
have considerable value in ta.xonomv. 


10.2 Classification 


Glass Graptolithina (colloquially graptolites) is divided 
into the two important orders: the I fendroidea ami 
Gniptoloidea (Fig. 10.11). However, there are also 
some short-lived orders fl'iiboidea, btolonoidca, 
Gamaroidea and Gnistoidca; Fig, 10,9) largely con¬ 
fined to the Tremadoci.m which will be refem’d to 
only in pas.sing. 

ORDER I DENDROIDEA (M. Camb.-t^arb,): M,iny-brandifil 
graptolites with large minibers of siii.ill thecae, somrtimci 
with eotiiiecCiiig links (dissepiments) between stipes. Stipo 
with two kinds ot thecae (autothecae and bithccae) opening 
off a continuous closed chain: the stololheca. Lower part 
rhabdosome lias concentric sheets of pendemi (cortical Oi- 
siie) covering the standard fusellar ti.ssue. Most genera wen 
shnibby, upright and fixed to the sea floor, like 
Ddidriigraplus. Dendroids arc classified into three fairulin, 
largely based upon their external appearances, for llirtr 
detailed smictiire is known only in a few genera: 

FAMILY 1. DENDROGRAPTIDAE (M. Camb.-Carb), e* 
DcnJrograptiis. 

FAMILY 2. PTILOGRAPTIDAE (L. CVd.-U. Sil.). ' 
Ptilof’raplus. 

FAMILY 3. ACANTHOGRAPTIDAE (U. tkinib.-M. Hcvt, * 
e.g. AainllH\<>raplui. 

ORDER 2. GRAPTOLOIDEA (L, Ord.-L. Dev.): Rhalidosomo 
have few stipes, up to eight in the early tbmis, but rcilucing 
ill later genera to two and finally to one. fhccac are ofiint 
kind only, e 4 uivalent to the autothccac of dendroids, anil 
may be arranged on one side ot the stipe or on both. : 
bilaterally symmetrical colonies are pnnutivc; the loss of thu 
condition in the Maiiograptidae is secondary. A sicula bcai- 
ing a nema is always present in the adult and is usually 
prominent. 'Die temiinology of different thecal shapes » 
given in fig. 1(1.fld. 

Within the graptoloids there is imich variation in tlictal 
morphology, by contrast with that of dendroids. Grjptniiin 
arc cl3.ssificd in three suborders. 
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F^re 10.8 Various derfdroid and graptoloid rhabdosomes: (a) Kiaerograptvs (Tremodoc) with rare bithecae |x 6 approx ); (b) 
; Cyjtogrop/us vesiculosus (Uand.) with a trifid nemol vane (x 1.5); (c) Dicranograplvs ramosus (Caradoc; x 1); (d) terminology applied 
loihe different shapes of rhabdosomes in graptoloids; (e) Cyrtograptvs, wim webs connecting the stipes (x 1); (f) Cyrlograplus (M. 
I Sil l, stoges in early cladial develooment (x 15). [(a) Redrawn from Spjeldnaes, 1963; (e) based on Underwo^, 1995; (f) redrawn 
bm fiulmon in Treatise on Inverleorale Paleontology, Part V.] 


Graptoloids, following Fortcy and Clooper (1986) and 
[MitchcU (1987). may be cla.ssificd in three defined siibordcrs, 
'but the taxonomic position of some groups (anisograptids, 
pidcm dichograptids and reciohtids remains uncertain). 

SUBORDER 1. (Unassigned) contains the paraphyletic 
t Family Anisograptidae (Trem.) which has characters in 
many ways intermediate between dendroids and grap- 
loloids, but the presence of a nema groups them with the 
latter. Most anisograptids retain bithecae. The anisograp- 
tid rhabdosomes may fonii large spreading colonies as in 
Ruhogfiiplns, Rlhibdinopora and others. Smaller rhabdo- 
tomes, with fewer branching points may be bilateral (i.e. 
with two pnmary branches) as in Clonograpliis, triradiate 


as in Bryograplus, or quadriradiatc as in SlauntgMpliis. 
The structure of the thecae is known only in a few aniso¬ 
graptids, since their preservation is normally poor. 
Kiaerograptus (Fig. 10.8a) and some early species of 
liryograplus have both autothecae and bithecae, but other 
species of liryograptus only have autothecae. 

SUBORDER 2. DICHOGRAPTINA (Ord.): Early graptoloids 
lacking bithecae, and without a virgella. SUPEKFAMILY 
DICHOGlU\PTACEA (FAMILIES DICHOGRAP- 
TIDAE (c.g. Tetragraptus, Diclwgraptiis, Azygograptus), 
SINOGRAPTIDAE (c.g. Sinograpuis), SIGMAGRAP- 
T117AE (e.g. Sigmagmptus, Ckmiograpltis) consists mainly of 
early graptoloids with only a few dichotomous branching 
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points. They iiuy luvc eight, four or two stipes and have 
a simple proximal end structure. In SUPERFAMII.Y 
GLOSSOGRAPTACEA the graptoloids always show 
‘isograptid symmetry’, where the sicula .and th. 1' form a 
symmetrical pair so drat the axis of symmetry of the rhab- 
dosomc passes between tlicin. [FAMILIES 
ISO(.lRAPTinAE (Irilaterally symmetrical, e.g. Isograpliis, 
Oncograptus, Skiagraptus)', PSEUDOTRI- 

GONOGRAPTIDAE (scandent tri.serial or ijuadriserial 
Pseuihtrigoiwgrapmsy, GLOSSOGRAPTIDAE (scandent 
biscnal forms m which the thecae may curve in order to 
enclose the sicula m front and behind, so that the stipes 
are ahgned side by side but face in opposite directions, 
often spiny; e.g. Olossograptus, Carynoides, Psvudisagraptus). 
SUBORDER 3, VIRGEU.INA (Ord.-nev,); A virgclla is .ilways 
present in the sicula and m the single SUPERFAMILY 
DIPLOGRAPTACEA the nrargm of the sicula bears 
apcrtural spines. FAMILY MONOGILARIIDAE (Sil.- 
Dev.), sv'hich includes the Cyrtograptids, is unisen,-!! and 
scandent (e.g. Afonogriip/ui, MoiuKlinuicis. Cyrto^raptux). 
FAMILY GLYPTOGRAPTIDAE (Ord.) comprises 
scandent biserial graptoloids which have a characteri.stic 
‘glyptograprid’ proxim.rl end pattern (e.g. Clyptograptus, 
some ClimiKograpltis). FAMILY DIPLOGRAPTIUAE 
(Ord.-Sil.) comprises scandent biserial fonns, usually 
with a median scpnim and ‘diplograptid’ proximal end 
pattern (e.g. Dipiogtapliis, Orlliograptus, Ctimaaii^rapnis). In 
FAMILY DICRANOGRAPTIDAE (Ord.) rhabdosomes 


may be extensifonn, reclined (uiiiscnal) or partially scan- 
dent (uni-biserial) {Dirranograpnis, Duellogrilplm, 
\’ttiiagmpuis, Ltplograplt4s). FAMILY PSEUDO- 
CLIMACOGRAPTIDAE (Ord.) comprises scandent bu- 
erial forms wth a straight or zigzag median septum and a 
characteristic complex proximal end. Stem group 
PFIYLLOGRAPTIDAE (Ord.) comprises i^uadrisenal 
scandent graptoloids with simple thecae, and ‘isograptid' 
development of the proximal end (e.g. Phyllogiaptus). 

The taxonomic position of the pendent dictograptidi 
(e.g. Diilyinograpltis) and the retiolitids (q.v.; e.g. Rftwlius, 
■ P/ii’miiigi(tpHis, Giithograptux) in which the pendemi ii 
reduced to a meshwork remains to be assessed. 

ORDER 3. TUBOIDEA (L. Ord.-SU.; Fig. 10.9a): Dendroid- 
like, with auto- and bithecae, but with irregular branching 
structure and a reduced stolotheca; e.g. ReliculigrapUis. 
ORDER 4. CAApAAROIDEA (Ord.; Fig. 10.Vb); Encrusting fonns, 
with autothecae of peculiar shape, each having an inflated 
balloon-like base, with a vertical eollum (chimney). 
Stolotheca and bithecae present, e.g. Billinocaniara. 

ORDER 5. CRUSTOIDEA (L. Ord.-U. Ord.; Fig. lO.'lc); 
Encrusting forms, with dendroid-like morphology, but the 
autothecae have modified apertures, e.g. Rtihiunitrusia. 
ORDER 6. STOLONOIDEA (Ord.-M, Sil.; Fig. I0.<)d); 
Encrusting fonns of irregular morphology; stolothecae have 
many irregular ramifyang stolons; autothecae present but no 
bithecae, e.g. Sloloiiodindriiin. 



lb) Bithtcocamara, a camaroid 
bitheca, fcit 



Figure 10.9 Minor graptolile orders. In Stolonodendrvm the irregular tubes are stolons; the enclosing stolothecae ore rarely pre¬ 
served [(a), (b) X 50; (c) x 30; (d) x 15]. (Redrawn from Bulmon in Treatise on Invertebrate Paleontology, Part V.) 
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10.3 Biological afftnirios 


For a long time it was accepted that the affinities of 
the Graptolithina lay with Hhyluni Ciiidaria and 
most probably with tlic hydrozoans. The publica¬ 
tion of Koszlowski’s work in 1948, however, made 
It clear that this view was no longer acceptable. 
Koszlowski noted pronounced resemblances in 
structure betM'een the graptolites and the small, 
tnodeni, Rhahdoplvura: a colonial organism with a 
wide depth range (usually lOO-.^OO m), belonging to 
Phylum Hemichordata and with relatives known 
from scanty material in the Cretaceous and the 
Lower Palaeozoic. The hemichordates are an 
‘advanced’ phylum allied to the vertebrates; if 
Koszlowski’s suggestions are correct, then the 
Graptolithina must be of a much higher grade of 
Oiganization than was originally imagined. 

The Hemichordata comprise two classes: the 
modem Enteropneusta, which are the ‘acom womis’, 
such as Biilano^lossiis, and the Pterobranchia, to 
which Rliabtlopleiira belongs. In both cases there are 
only a few Recent genera, and in the pterobranchs 
the only important ones are RItabdopImra and 
Cephalodisais, which is similar to Rhabdopleura in 
some ways hut docs not form true colonics. 

Rliabdoph'iira (Fig. 10.10) is of very sm.ill size and 
IS colonial with individual exoskeletal tubes, each 
housing a zooid and arranged in a creeping habit. 

Several uibcs arise from a horizontal basal tube, 
the last one having a closed end with a terminal 
bud inside. The zooid which secretes and lives in 



lerminal bud 


Rhabdopleura 


pectocauluB 


extended zooid 

ratracted zooid 


figure 10.10 The modem hemichordate Rhabdopleura (x18). 
(A^ified from Kozlowski, 1948.) 


each tube is small and has a pair of tentacular food- 
gathenng amis known as the lophophorc, though 
this is not necessarily equivalent to the lophophore 
of other invertebrates. Each individual zooid is 
supported by a contractile stalk which links it 
with a pectocaulus running through the colony 
as a stolon system does in a dendroid. Initially the 
pectocaulus is soft, but it later becomes rigid. The 
pectocaulus with its similarity to the dendroid 
stolon gives some indication of afl'inity, but perhaps 
the relationship of the rw'o groups is most clearly 
suggested by the presence of collagenous fusellar 
tissue which fomis the peridenii of both grapto¬ 
lites and Rhabdopleura. Several genera of rhabdo- 
pleurans have been found in the Lower Palaeozoic 
(Urbanek and Bengtson, 1986), e.g. Rhabdotiihiis 
(M. Cam.), Craptoveniiis (Tremadoc) and some 
authorities suggest that Stolonoidea are actually 
rhabdopleurans. The earliest recorded Rhabdopleura 
IS Middle Cambrian in age (Diimian and Sennikov, 
1993). 

The study of living pterobranchs serves as a 
model for many aspects of graptolite biology and 
skeletal growth. Significantly, in Rhabdopleura 
(Rigby, 1994) the zooids often die off but are 
replaced by others, budded off from the stolon, 
which inhabit the same tube and continue to add to 
it. Such multiple occupancy is marked by clear 
growth discontinuities, and the same arc found in 
graptoloids. By analogy, therefore, graptolites might 
well have survived adverse conditions if the old 
zooids died off, but with improved conditions new 
buds arose; moreover, old or damaged zooids could 
have been continually replaced throughout the life 
of the colony. To build any kind of robust and 
long-enduring residence is expensive and, as with 
the human sphere, it makes sense to build a house 
for serial occupancy. 


10.4 Evolution 


shape of graptolite rhabdosomes 
(Fig, 10.11) 

The following summary of evolution in graptolites 
is concerned with gross morphology: the kind of 
details that can be seen in flattened specimens. Later 
some particular details will be added that can only 
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be established throujth tlic examination of three- 
dimensional material. 

The earhest graptolitcs known are Middle 
Cambnan and come from the Siberian Platform; 

I they are small rwig-like genera discovered and clas- 
* j sified by Obut (1^74) in two new orders, the 
f Dithecoidea and Archaeodendnda. though more 
1 niatenal needs to be forthcoming if this taxonomy is 
to be sustained. In the Tremadocian and later the 
! evolution of graptolites is better known. The Upper 
I Cambnan graptolites are all dendroids. along with 
representatives of the short-lived orden. 

Dendroids were quite diverse in Upper Cambrian 
‘ times, and though they were thereafter never a very 
‘ abundant component of any fauna, they continued 
until the C^arboniferous, various genera liaving dif¬ 
ferent time ranges. Dendritic or twig-like foniis 
were perhaps the most common, though there were 
■ I also some pinnate genera (e.g. I^tiloj^raptus). Flic 
. I peak of dendroid complexity is reached in the 
Ordovician to Devonian genus Korewa^raptiis, an 
acaiitliograptid wirli a complex and anastomosing 
j branch system. Each branch has many snbparallcl 
1 ttolothecae all united together in columns, with 
1 their attendant autothecac and hithecae irregularly 
twisted up together in a thick stem. The vast major¬ 
ity of dendroids grew upright on the sea floor like 
1 tmall shnibs, fixed by holdfasts which, like their 
'stems’, were strengthened by cortical tissue. 1 low- 
cver, one or two species of RliaIxUfiopora (formerly 
I («jcribcd to Diciyixiciiut), amongst the earliest of the 
i, uiiLsograptids (a more rigidly engineered and cone- 
shaped genus), apparently departed from this ances¬ 
tral habit and lived in an inverted position, probably 
^luspended by the thin iicnia from floating seaweed. 
Small attachment discs have been found attached 
to the end of the nema; hence a suspended mode of 
Be seems likely, though it was certainly not the 
minii for most graptolites. 

The sessile true Dictyonnni] species probably lived 
Attached to the sea floor, apex down like a conical 
bryozoan (Chapter 6), feeding in the same general 
tayby extracting food particles from currents flow- 
.ag in through the mesh, and expelling exhalant 
|«tcr through the open end of the cone (Rickards, 
1975). In a Scottish Silurian fauna described by Bull 
;!99()) several Diayivwma specimens show evidence 
/damage by predation or disease, but were able to 
itpair many, though not all, kinds of injury and to 
ini to a iioniial growth pattern as soon as possi¬ 


ble. The earliest planktic descendants of Dictyoiicnm 
floated apex upwards, and dispensed with the 
attachment; in its own way quite a major evolution¬ 
ary step. The transition from benthos to plankton by 
graptolites is paralleled by virtually all other planktic 
organisms; no less than 18 out of 21 planktic groups 
had their cirigins in the benthos (Rigby and Milsom, 
IWfi). Such invasions, which took place succes¬ 
sively through time seem to have been random, and 
indepencient of any global events. The first planktic 
graptolites probably arose in deeper, cooler waters 
and thence radiated into open pelagic and neritic 
environnicnts in the early Tremadoc (Erdtmann. 
1982). 

The earliest planktic graptolites have traditionally 
been regarded as arising from the floating 
Rliabditiopora flahellifomie, presumably because of the 
widespread occurrence of this fossil just below the 
anisograptid fauna. R. flabellifonuc, however, is of 
conical, bell-hke fomi, rather than being flattened. 
A better candidate for the RJutbdiiiopora ancestor 
would seem to be the flat, radially organized 
Riidii\(;Mptt(s, the earliest siculate graptolite, which 
has three or four primary stipes, and in which, as 
in the anisograptids, the dissepiments are but 
weakly developed. Where this genus occurs, m 
Newfoundland, it underlies the zone of R. ftabclU- 
fontw. It is suggested (Cooper and Fortey, 1982), 
that Riidhiiraptus was the ancestor both of the (very 
similar) four-stiped anisograptids (e.g. Staiirof’raptus) 
and the three-stiped Atiisi\fiMplus as well as 
Rhabdiuopora itself, from which in tuni arose 
Bryojiraptus. 

Young st.ages of rhabdinoporids in which dissepi¬ 
ments arc weak or absent, however, arc often found 
‘discoidally’ preserved, i.e. flattened radi.illy, at all 
stratigraphic levels, and these are sometimes domi¬ 
nant on particular bedding planes. Erdtmann there¬ 
fore believes that the ancestors of the planktic 
graptolites may be sought in pacdomorphic 
RliMiiwpora offalH'lliJbrmc type rather than neces¬ 
sarily in Radiot^raptus. 

Most anisograptids arc Tremadocian in age; there 
are records of a pos.sible extension into the later 
Ordovician, but this is not certain. They may have 
two, three or four primary branches as in 
Clonografittis, Br)x\^raptus and Slaurograpms, respec¬ 
tively; they arc rarely preserved other than as com¬ 
pressions. However, some Scandinavian genera arc 
pyritized, and these are of particular interest for 
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they sliow characters intomicdiatc between tliosc of 
dendroids and graptoloids at the microscopic level. 

The Upper Treniadocian genera Kiacrograpliis 
(Fig. 10.8a) and Bryn^raptus apparently have biriie- 
cae, but these arc fewer in number than those of 
standard dendroids, and there is only one bitheca for 
every two autothccae; furthermore, they arc 
reduced in size. Why the bithccac were dispensed 
with during the later evolution of graptolites is not 
clear. 

Koszlowski believed that the bithecae and 
autothecae housed male and female zooids, respec¬ 
tively, and that graptoloids were hermaphrodite. 
Alternatively, autothccae may h.ive been sites of 
feeding zooids only, while bithccac were solely 
reproductive. Whatever the function of the bitheca 
was, it must have been taken over by autothccae; 
this might have happened through an intennediate 
kind of graptolitc such as the Llandeilian 
Calyxdcndnim, in which the bithecae, rather than 
having external apertures, open directly into the 
autothccae. The anisograptiils became extinct by the 
end ot Llandeilian time and their progeny, the ‘re.al 
graptoloids', became dominant. Continuous sec¬ 
tions 111 the Tremadoc are few and far between; the 
best is in the Yukon Territory' and has recently been 
described to show a continuous sequence of grapto¬ 
litc faunas. The fauna here is mainly of anisograptids 
.md dendroids, but there arc also some early ‘real’ 
graptoloids (dichograptids), the forerunners of the 
mam stock that dominated the lowermost 
Ordovician. 

Dichograptids have no bithccac. They are usually 
symmetrical, branch dichotoinously and may have 
many or only a few branches. A burst of adaptive 
radiation m the early Ordovician resulted in a pro¬ 
fusion of types; eight-, four- or two-branched, with 
rhabdosomes pendent or declined, or even scan- 
dent, like Phylh^rapii4.t, m which the four stipes are 
arranged back to back and are m contact all the way 
up from the basal sicula, or Tristichofiraplus, which 
has three scandent stipes. Other genera are 
Tetragrapltts, with four declined or pendent stipes, 
and the common, zonally usefril Didymograptus, in 
which the twin stipes m.iy be pendent like a tuning 
fork or extended in line. Several of the early multi- 
ramous (many-branched) dichograptids had a web¬ 
like stnicture between the stipes at the proximal 
end, which increased the surface area and probably 
gave a.ssistancc m flotation. 


From an unspecified two-stiped dichograptid 
ancestor there arose at some time dunng the Lower 
Ordovician the various stocks that came to domi¬ 
nate the Upper Ordovician (Fig. 10.14.a-c). These 
never have more than two stipes. First there are the 
diplograptids, which are scandent fonns. These have 
their origin well back in Llanvimian time, their first 
representative being Glyptograplits daitariis. Thence 
they can be traced to the end of the Llandovery. 
The several diplograptid genera are distinguished 
one from another mainly on the characters of their 
thecae. Thus Diplograpiiis has simple, straight thecae. 
Clitntjcograpliis has thecae of a square-cut appearance 
(Fig. 10.4), Glyptograptiis has gently curving thecae, 
etc. All these graptoloids arc more or less elliptical in 
cross-section and are easy enough to identify when 
flattened, provided that they arc preserved with the 
‘long a.\is’ of the ellipse parallel with tlie bedding 
plane, for then the thecae are clearly seen in lateral 
view. If. however, the long axis of the elliptical cross 
section is perpendicular to the bedding, then only 
the apertures show, and since they all Kiok siniihir in 
this scalariforni view they are not easy to identify. 

Other Upper Ordovician genera include the V- 
shaped, stoutly built Dicellograptiis, the more slender 
but otherwise similar Lcptograplus, and Y-shaped 
Dicrauogmptus fincluding D. niiuosm (Fig. 10.8c) 
which can be more than 30 cm long|. In the last- 
mentioned genns the first-fonned part of the rhab- 
dosome is scandent; in subsequent growth the 
branches diverge. The occurrence of diplo-, diccllo- 
and dicranograptids in the Upper Ordovician gave 
rise to a belief that the diplograptids evolved from a 
dicellograptid ancestor by ‘zipping themselves up' 
and that the condition in Dicraiiograptiis represented 
an incomplete zipping process. Attractive though 
this suggestion appears, it is unrealistic, for the fust 
diplograptids appear well before the earliest diccUo- 
and dicranograptids. and in any case the detailed 
structures of the ‘proximal end' — the few first- 
fonned thecae and the sicula. which arc all taxo- 
notnically diagnostic - are quite different. 

The dicello-, dicrano- and leptograptids became 
extinct before the Silurian, though the diplograptids 
continued until the end of the Llandovery as impor¬ 
tant members of the total graptolitc fauna. 

The Silurian is dominated by monograptids: scan- 
dent forms with the thecae arranged along only one 
side of the stipe. They first appear just above the 
base of the Silurian. Monograptids come in vanous 
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Figure 10.12 Evolution in groptolite proximal end structures. 
(Redrawn from Bulmon in Treatise on Invertebrate Paleontology, 
PartV.l 


jthapcs and sizes; sonic arc very long and straight, 
others short and stumpy, and there arc various 
highly modified forms including curved or spirally 
•coiled genera (Fig. 10.13), some of which, like 
Cyrloi^raplHs (Fig. 10.8e,f), may have lateral arms 
''ladia). 

Vanous changes in thecal morphology, as will be 
aplained in detail later, appeared in succession dur¬ 
ing the Silurian. The last monograptids flourished in 
die early Devonian but were restricted to certain 
pins of the world only. 

The picture of graptolitc evolution presented 
here has been known for a long time and is well 


Figure 10.13 5pirograptus guerichi: three-dimensional speci¬ 
men showing helical coiling, from the Silurian, Osmundsberg, 
Sweden. (SEM photograph reproduced by courtesy of Dr Dennis 
Bates.) 


established. However, it is based mainly upon com¬ 
pressions, and reference to three-dimensional mate¬ 
rial expands and illuminates it to a remarkable 
degree. 


Proximal end in graptoloids 

The Graptoloidea differ from the Dendroidea in the 
absence of bithecae, the reduction of cortical tissue, 
the form of the sicula, the presence of a ncma, the 
mode of rhabdosome branching and the structure of 
the thecae. They arc also unique in the way in 
which the first few thecae develop from the sicula. 
In general tenns, the early graptoloids have a rather 
simple kind of proximal end development; the later 
Ordovician ones are much more complex, such as 
that of Diplo^rapliis which may now be seen in 
evolutionary perspective. Various types of pro.ximal 
end development are shown in Fig. 10.12, illustrat¬ 
ing the evolution of structure, but it must be 
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remembered that the models represented here arc 
greatly simpliiied from tlic actual structures encoun¬ 
tered in real graptoloids and that the pattem of 
proximal end evolution is much more complex than 
this simplified picture would suggest. Most 
dichograptid proximal ends arc of unmodified fonn. 
In these (as in DiJyimif’rapliis bifuitis) th. 1’ grows out 
trom th. 1' across the sicula and is welded to it; it 
forms a single crossing canal. Ikit in later dichograp- 
tids (c.g. DidytiiOffraptus cxtaisiis) th. 2' is also welded 
to the face ot the sicula, and so there are two cross¬ 
ing canals. The ‘D. bijidiis’ type would seem to be 
pnmitive and to represent the rootstock type of 
proximal ends in graptoloids. Cooper and Fortey 
(1982), however, have shown that it is the ‘D. exten- 
sus ’ type which is actually primitive for graptoloids, 
and D. bijidus morpholog)' is secondarily derived. In 
species such as 'I'flrjy’rapUts bi(;sbyi, for all its apparent 
complexity, there are still only two crossing canals, 
since th. 2’ is not welded to the (font of the sicula. 

Lcpto^riiptus usuaUy has two crossing canals, and 
though It may have three its development is hardly 
modified from that of the later dichograptids. The 
diccllo- and diplograptids never have less than three 
crossing canals. The structure of the pro.xiinal end in 
the scandent diplograptids differs markedly from 
that in their precursors, and the thecae are often 
tw'isted up together in a knot. Diplograptids may be 
aseptatc (e.g. I)iploi>raptHs), or they may have a 
median septum separating the later thecae so that 
there are normally only three crossing canals rather 
than an indefinite number. Thus the later-formed 
thecae {usually those succeeding th. 2') open on 
the s.inie side of the median line .is they arise. A 
close analysis of proximal end structure in the 
Diplograptacea reveals no less than nine separate 
‘astogenetic’ patterns (Mitchell, 1987). These sepa¬ 
rate structural pattenis, once established, were con¬ 
served during evolution and thus provide a reliable 
guide to phylogeny. In general tenns, while new 
diplograptaccan proxinial-end patterns appeared 
successively, they became less complex through 
time. The classification adopted here is based par¬ 
tially upon such proximal end structures. 

In Climawgraptus, tor instance, th. 3' arises from 
th. 2', whereas in Diplograpius th. 3' arises from th. 
2^ and th. 3- from th. 3'. 

Similar in development to diplograptids in many 
w.ays arc the diccllograptids, which likewise have 
three crossing canals with curiously twisted early 


thecae. Nonnally m Dicclloi^rijptiis and its relatives 
the sicula reclines against one of the stipes. 

There arc some very modified modes of develop¬ 
ment in certain scandent graptoloid genera. 
Cryptoj^raptiis, for instance, has a thecal system quite 
different from that of the diplograptids; its most 
peculiar feature is the torsion of the thecae which 
results in the series th. 1', 2’, 3', . . . opening on 
opposite sides (frontal and reverse) of the sicula to 

th. 1^, 2^, 3‘. Skiagretptits has a modified version 

of this stmeture which is even more complex. 

The origin of the scandent biscrial graptoloids has 
been much disputed, but some evndence suggests a 
common origin of both diplograptid and glosso- 
graptid types from a broad leaf-like scandent 
dichograptid, such as .ipiif^rapiiis, though the proh- 
lein of how the crossing canals arose is far from 
clear. 

Monograptids presumably arose from a diplo¬ 
graptid ancestor, but there are no direct links 
between them. As already shown, the monograp¬ 
tids’ th. 1' arises from a notch low on the nictasic- 
ula, and the serially arranged th. 2', 3', 4’, . . . grow 
upwards at an .ingle. But the change in proximal 
end structures from the complex and twisted system 
of the diplograptid precursors to the simple con¬ 
struction of the monograptid proximal end is ver)' 
sudden, and there are no known intennediates. 

The earliest known monograptids have been 
identified in the lowermost Llandovery monograp¬ 
tid genus Alni'o^nipfits, where the thecae are of sim¬ 
ple construction and the rhabdosonies are straight or 
gently curved, but the proximal end is of typical 
monograptid construction. This gives no help with 
the problem of monograptid origins, but in the 
English Lake District in the lowennost zone of the 
Silurian there .ire some bedding planes that are cov¬ 
ered with specimens of Ara:'i](’rapliis rer)'x in which 
the population appears to be dithyrial, i.e. consist¬ 
ing ot both uniserial and biserial individuals, the lat¬ 
ter being similar in many ways to Glyptograpim 
(Rickards and Hutt, 1970). Perhaps it is in such 
populations that monograptid origins are to be 
sought (Rickards, 1974). Presumably selective 
action on such populations resulted in a changed 
ecological balance, with the uniserial fonns eventu¬ 
ally becoming dominant. 

It is worth noting that there were some ‘false 
monograptids' in the early Llandovety as well as 
species truly of monograptid type. Pciriigraptus, 
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known only from specimens from the Llandovery of 
Anticosti Islatid, Canada, has incomplete diplograp- 
tid development with a solitary th. 1’ opposite a 
range of uniserial thecae; in DitiwqiltO'^mptus and 
allied genera the rhabdosome begins like that of a 
normal monograptid (though lacking some charac¬ 
teristic features) but distally becomes biscrial. 

The AttU‘of;raptiis stock, which gave rise to all the 
later monograptids, was eminently successful, and 
once the imisenal pattern had been established m 
Atanr^ritpliis in the earliest Silurian, a great burst of 
uniscrial graptoloids with many short-ranged genera 
took place in parallel with a fair expansion of biser¬ 
ial genera. Towards the end of the Llandovery, 
three long-ranged stable genera were established, 
Mono^ruptiis s.s., Monoiiimads and Pristioi^raptus, 
which survived a severe extinction period in the lat¬ 
est Llandovery to early Wenlock. 

The Wenlock was a period of evolutionary con¬ 
solidation and stability, but produced little new. By 
early Ludlow times only the pristiograptid stock 
remained. This was the source of a small, but 


marked evolutionary diversification in the Ludlow. 
Thereafter the graptoloids declined but there were 
some new replacement stocks and innovations right 
to the end of their history. 


Thecal structure (Figs 10.14, 10.15) 

Many graptoloids are defined at the generic and spe¬ 
cific level based upon the structure of the thecae. 
The dichograptids normally have straight and simple 
thecae. Similar thecae are found independently in 
some monograptids and also in certain biserial 
graptoloid genera. Characteristic genera that are 
descended from the dichograptids, such as the 
biscrial Glyptoiiraptus and Orthograplus, have gently 
curved thecae, whereas Lcptojiiraplus has exceedingly 
thin thecae which are more or less parallel with the 
common canal. In some of the Upper Ordovician 
groups a sharp-angled bend (genicuium) is devel¬ 
oped in the ventral wall; this is usually a.ssociatcd 
with an incurved (introtorted) thecal aperture 
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^re lO.U (al-(e) Thecal morphology in some Ordovician graptoloid genera; IhHp) Silurian monograptids - (f) and (g) show 
> ^nge in thecal shape oway from the proximal end of strafigraphically early and late M. revoluhji (x 2). (Redrawn from Sudbury, 
1958 I 
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tnangular thecae only - paired 
apertural sptrtes or horns 


rastntiform thecae - paired 
apertural horns 


rastntitorm thecae 
- simple apertures 


Figure W. 13 
1977.) 


Evolution of some triangulate and rastritiform monograptids in Llandovery times. (Redrawn from Ricitords et d,, 


above, often facing directly into the base of the 
theca above it and leaving little room for the zooid 
to conic out. Such thecae are characteristic of 
dicrano- and diccllograptids, whereas the biserial 
climacograptids have geniculate thecae with a hori¬ 
zontal aperture and a straight outer thec;il wall above 
the geniculuni, parallel with the median line. 

Within the monograptids there is often consider¬ 
able thecal variation, not only between genera but 
also within a single individual. In all monograptid 
species the thecae change shape along the rhabdo- 
some, and the proximal thecae may be quite differ¬ 
ent from those of the distal end (Fig. lO.Hf.g). If 
there is torsion in monograptid thecae it is usually 
an outward twisting (retroversion) as opposed to 
the inrrotorsion of the Upper Ordovician genera. 

The basic form ot the thecae in monograptids 
serves to define successive faunas which can be used 
stratigraphically (Figs 10.11, IU.14h-p). Lower 
Llandovery monograptids have straight or gently 


curving thecae. Above these come faunas with 
simple and triangulate thecae, whereas Upper 
Llandovery genera have mainly lobate and hooked 
thecae. 

Triangulate thecae have tiny apertures and in 
lateral view are usually of triangular form. They 
reach their extreme development in the isolate the¬ 
cae of Rastrites (Fig. lO.Hn), where each theca is 
exceptionally long and is rsolated from its neigh¬ 
bours. Hooked thecae have the shape of an open 
hook, whereas lobate thecae are formed as short, 
thick and compact hooks each intumed in a cowl¬ 
like manner to embrace its own aperture. 

In the Wenlock the most abundant graptoloids 
have hooked thecae, and there are also a number of 
cyrtograptids; these are graptoloids coiled in a heli¬ 
cal spiral form, w'ith radially arranged straight or 
curved lateral branches (cladia; Fig. lO.Se, lO.lhd). 
Cyrtograptids can often be very’ large and were 
apparently free-floating. In the Ludlow, divenityin 
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theca] torm reaches a peak. Many tonns have 
reverted to a simple thecal type, but they exist side 
by side with genera in whicli the apertures are very 
modified (as in (.Jitiullotinipliis) or positively asym¬ 
metrical. The graptoloicls ot the Lower I )evonian 
ire quite diverse in thecal fonn, with hooked or 
straight tliccae having cowl-like apertiiral over¬ 
hangs. Apparently graptoloids went on evolving to 
the last, and there is no clear reason why they should 
have become extinct. 

In Silurian graptoloids especially, it has been pos¬ 
sible to make detailed microevolutionary studies of 
the changes in thecal shape through time (Fig. 
10.15). 

Many detailed lineages have been established for 
Siluro-IJevom.an graptoloids (Sudbury, I05S; 
Rickards cf a/., 1977). In these a number of evolu- 
nonary trends have been identified, which curiously 
enough affected several evolving lineages, both 
unisenal and bisenal. at around the same time or for 
1 similar time spaces. Such trends arc, of course, evi- 
i dent in the generalized stratigraphic succession of 
thecal types in MonograpticUe (hooked, lobate, iso- 
ble, etc), but are also evident, for example, in the 
development of thecal elongation in the unrelated 
Llandovery genera Cepluilo'^rtiplus and Rastrites, and 
uf thecal isolation in the Llandoverian rastritids, 
dimorphograptids and non-rastritid inonograptids. 

' Other trends affect the form of the rhabdosome, e.g. 
curvature which was dominant in the Llandovery 
but also found independently until the Devonian, 

I Did the separate and common tendency in mono- 
lijraptid stocks to produce very slender rhabdosomes 
Man early stage in evolution, and more robust rhab- 
|dojonics at a later stage. These and other trends are 
Silly documented by Kickards et a/. (1977) and. as 
bis been known for some time, new thecal types are 
alls introduced at the proximal end, later 
ading along the rhabdosome in descendants of 
It original type. Thus from MoHogfitpttis iriiinx’iilatiis 
: is a trend Cowards isolation of the thecae, with 
sinles maxiutus as an end point and R. perc^rintis 
liihich h.cs the more isolate thecae confined to the 
ixinial region) as an intennediate; in any popula- 
collectcd from a single bedding plane, individ- 
may vary greatly in their state of‘advancement’, 
ps the best documented of these Silurian series 
c trend from M. ar^aticiis, w’hcre only the early 
jc are hooked, towards M. priodon, in which all 
ihccac have the form of open hooks. In all of 


these the new type of theca came in at the pro.xiiiial 
end and spread from it, but there are some 
cases where distal introduction was the mle. 
Urbanek (1960) has postulated that certain growth- 
stimulating substances like the auxins of plants dif¬ 
fused from the sicula as the graptoloid grew, 
promoting differential curvature in the proximal 
thecae but not affecting the latter thecae, since their 
quantity decreased during ontogeny. In the descen¬ 
dants of these early fonns the growth stiniulaton 
continued to be produced from the sicula until a 
later stage of development. Where new types were 
introduced distally, Urbanek assumed that a growth 
inhibitor, rather than a stimulator, diffused from the 
sicula. Although the operation of this system cannot 
be proved, it remains a valuable and interesting sug¬ 
gestion. 

Many lines of descent are now know'ii in grapto- 
litcs and are accurately tied in to stratigraphy. 
Sometimes, howevet, certain fonns may appear, 
very similar to those in the main line of evolution, 
but out of phase with these by several million years 
(Rickards, 1988). Such anachronistic evolution may 
be ‘heraldic’, i.c. antedating the main group, and 
having ‘advanced’ characters too early. (.7n the 
other hand it may be ‘echoic’, the graptolites being 
‘pale echoes’ of former successful types. The best 
examples here are the partially biserial stipes of 
Dimorphojiraptus and similar genera, which appeared 
in the early Siluri.iii, up to 3 Ma after the origin of 
the inonograptids from which they were derived, 
but looking something like their remoter diplograp- 
tid ancestors. The timescale of a heraldic-main¬ 
line—echoic relationship may extend over 20 Ma. 
The heraldic and echoic types are normally not very 
successftil. Perhaps, as Rickards indicates, the full 
genetic potential for a particular mor|ihological type 
W'as alw'ays pre.sent in a particular line but could only 
be realized w'hen time and environment were right 
for it. 


Cladia 

Cyrtox;raptus, amongst other genera, produces lateral 
branches (cladia) at intervals. The development of 
these can be followed in well-preserved material 
(Fig. lU.8e,f). Each theca has a hood-like lappet 
with a pair of short lateral whi.skers projecting from 
It. When a cladium develops from such a thecae. 
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one of the two wliiskcrs elongates and becomes a meshwork of girders (lists) which may have a reticu- 
nema. New fusellar tissue grows along this as if from late net covering it (Fig. 10.16). 
an initial bud. The aperture of the basal theca is con- In some retiolitids it seems as if the pendemi is 
stricted by the growth of the fusellar tissue but simply reduced to a set of girders, which oudine the 

remains open. By the time the first theca of the new sicula and thecae. In others, however (Bates and 

cladium has developed, the primary stipe has Kirk, 1984), the sicula and fiRt few thecae develop 

advanced by some seven or eight thecae. Since the- in a generally diptograptid mode. Then spines grow 

cal fomi in Cyriox’r.iptiis changes on going along the from the sicular aperture and link to form a curious 

rhabdosome, the characters of any one theca on the thin ring, the ancora, lying nonnal to the axis of 

primary stipe can be matched exactly with one on the rhabdosome. From this there grows up a skelc- 

the cladium; always there is a lag so that the first ton of lists and meshwork which mantles the thecal 

cladial theca is paralleled by a theca on the primary skeleton, but lies well outside it. The primary thecal 

stipe seven or eight thecae ahead. Both ends of the skeleton is thus a quite separate structure from this, 

rhabdosome, on the primar>' stipe and cladium, have consisting of only the sicula and a few thecae. The 

been growing in the same way at the same time. outer meshwork which has elaborate canals running 
Though best known in Cyrtox’ruptiis, cladia are through it is a secondary structure, and as yet its 

also present in certain other genera. Dhvrsoiirapliis frinction is incompletely understood. Possibly the 

has a sicular cladium. so that the straight main stipe light, springy skeleton may have added in buoyancy, 

grows 111 the opposite direction to the cladium. or enabled the retiolitids to colonize more turbulent 

There may be accessory lateral cladia growing either waters. Judging by their persistence through time, 

from the main stipe or from the primary cladium. they must have been a highly successful group. 

The related genus Ahicsgruptiis has a number of sicu¬ 
lar cladia. - 


10.5 How did graptolites live? 


Structure of retiolitids In general terms tuboids, camaroids and cnistoids 

were encrusting colonies resembling in habit the 
The retiolitids are a group of scandent bi.serial grap- rhabdopleuran hcmichordates. Dendroids, on the 
tohtes which ranged from the Llandeilian through other hand, were generally upright shrubby benthos 
to the end of the Silurian. They differ from other and the graptoloids to w'hich they gave rise and 
graptohtes in that the skeleton largely consists of a which they outlasted were the only wholly plank- 



^ure ip Id Retiolitid ultrastructure: (a) Orthoretiolites hami (Ord.), Oklahoma, proximal end; (b) Cothographis cf. inlermedius 
(Ord.), clathrial network, from on erratic boulder, northern Germany. (Photographs courtesy of Dr Dennis Bates.) 
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tonic order. Flie bottom-dwelling dendroids and 
others are found mainly in silts, sands and limestones 
of shallow-water inshore origin. They have no 
Rotational structures and the cortical tissue of den- 
droids such as Iyniiirot’iiipfiis appears to have been 
used pnmarily for strengthening the proximal end of 
the rhabdosome into a root-like holdfast. Thus the 
dendroids can be envisaged as having grown upright 
on the sea door with the sicular end down and the 
stipes outstretched as in a small shnib. With the con¬ 
tinued addition of cortical tissue the stem would 
have been greatly strengthened, but the early thecae 
were occluded and the zooids presumably atro¬ 
phied. However, liiulios^niplus and RliMiiwpom are 
conical rather than shrubby and had little cortical 
tissue. Tile thread-like nenia could not have sup¬ 
ported a rhabdosome growing on the sea door. 
Furthcnnorc, small tufts of thin fibres arc sometimes 
found terminating tlie nenia. which could have 
acted as fixing devices for the artachment of the 
dendroid to doating seaweed. This may be sug¬ 
gested by the presence of much carbon in the black 
shales in which many graptolites arc found. 
Presumably RliaMinopim evolved from the standard 
sessile dendroids by inversion of the rhabdosome, 
sicular end up, though an “upright’ orientation 
seems to liave been restored in the scandent grap- 
toloids ot the later Clrdovician and Silunan. 

A nenially attached mode of life is likely for 
RliMinopora and probably some other graptolotds as 
well, but the majority were probably free-doating 
(holoplanktonic), microphagous feeders, fomiing 
the main preserved part of the Lower Palaeozoic 
plankton. In this there were undoubtedly other 
organisms, some of which, such as the small epi- 
plaiiktonic brachiopods and occasional sniall trilo- 
bites, are sonietinies found preserved in graptolitic 
shales. Twsi opposing views have been put forward 
as to how the planktonic graptolites actually lived. 
The more traditional ides (ljuhnaii. 1964; Rickards. 
1975) has been that graptoloids passively doated in 
the ocean, perhaps at dilferent levels, and at the 
I mercy of currents. The alternative view (Kirk, 1969. 

11972) IS that graptoloids, after a larval benthic stage, 
became planktonic .as young adults, and were 
Ktively mobile. Rather than passively drifting, they 
ire envisaged as actively swimming, with the 
licula upwards while feeding currents were drawn 
by the thecae towards the ciliary ornamented 
[ zooids. 


Passive drifting 

It graptoloids were drifters they would need some 
mechanism to prevent them sinking. Possible adapi- 
tations tor doating arc numerous; modern organisms 
achieve dotation either by having gas or fat bubbles 
within their tissues or by having the tissues isotonic 
with the surrounding sea water. Uulman (1964), 
Rickards (197.5) and others believe that gas bubbles 
within the nema, or vacuolated cxtrathecal tissue 
containing tiny gas pockets, would give enough 
buoyancy. Such cxtrathecal tissue may have been 
secreted by and a.ssociatcd with the open end of the 
nema; supplementary dotation mechanisms of van- 
ous kinds may have acted as a support for such vac¬ 
uolated tissue. Vanes, once thought to be dattened 
bladder, are not uncommon in the scandent com¬ 
pact diptogr.iptids. They fonn lateral extensions to 
the nema; some graptoloids have two vanes at 180°, 
others have three at 120°. If these were the sites of 
vacuolated cxtrathecal tissue, they would have 
imparted buoyancy and stability to the graptoloid. 
Proximal end vanes or plates occur rarely and their 
function is unclear. 

Some dichograptids have expanded webs sur¬ 
rounding the proximal end which increase the 
surface area and may have prevented sinking. 
Certain spirally coiled graptoloids (Cyrtofiriiptits and 
Xloiw{<r<iptiis tiirriailalus amongst others) were con¬ 
sidered by liulman (1964) as doating fonns, which 
would be rotated round and round, spiralling 
upwards in the water under the induence of cur¬ 
rents and thus buoyed up. The presence of a dat 
proximal membrane in C.yrlograptiis may have been 
an extra dotational aid, and M. tnrriailatus is now 
known to have the tightly coiled stipes connected 
by dissepiments; such would strengthen the colony 
as it rotated. 

No graptolites have ever been found actually 
attached to algae and some authorities (Kozlowski, 
1971; Rickards, 1975) believe that nem.il attach¬ 
ment by cxtrathecal tissue exuding from the tip of 
the nema was unlikely for any graptolite. On the 
other hand, radially arranged associations of grap- 
toloid rhabdosomes, with their ncinas directed 
towards the centre, have been reported. These are 
known as synrhabdosomes, and although they are 
rare (see p. 343) some may be genuine life associa¬ 
tions in which presumably the rhabdosomes were 
connected by a mass of extrathccal tissue from the 
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nemal tips. 13iibble-likc flotation stnictiires, orip- 
nally descnbcd at the centres of synrhabdosomes, 
have proved to be illusory. 

The final chan^je to the nionograptid pattern pro¬ 
duced long, slender, less dense colonies, which 
seemed able to manage without such extra flotation 
structures, as had the diptograptids, and probably 
made do with nemal vacuolated tissue. At the same 
time, since the nature of the extrathecal tissue m 
graptoloids is as yet not understood, this vital gap in 
our knowledge may well prevent any further devel¬ 
opment ot our understanding of graptoloid ecology. 

Automobility 

The basic concept here is that feeding currents pro¬ 
duced by zooids would have been powerful enough 
to propel the colony. (Since cortical bandages were 
put on from the outside there is no likelihood of cil¬ 
iated extrathecal tissue which could have aided.) 
Very many members of today’s plankton are auto¬ 
mobile and there is no reason why graptoloids could 
not have been. Vanes, webs and other such struc¬ 
tures could have been equally functional in mobile 
graptoloids as m drifters. The reduction in stipe 
number, the increasing symmetry and the change in 
inclination of the stipes arc all seen as part of an evo¬ 
lutionary response to this new mode of life, and 
though the whole matter is very controversial and 
has been much debated it remains an interesting 
hypothesis. 

An argument against automobility is that many 
species of graptoloid after suffering breakage could 
regenerate and grow in the opposite direction. 


Use of models in interpreting tbe mode 
of life of graptoloids 

There have to be fiinctional reasons why dendroid 
and graptoloid rhabdosomes are the shapes they are. 
Such morphologies result, as in other organisms, 
from the interplay of adaptation by Darw'inian selec¬ 
tion and constraints imposed by the fundamental 
design of the organisms and by the materials of 
which they arc constnicted. The ultimate form of 
any such organism is thus a compromise between 
inhented constraints and adaptive possibilities. The 
analysis of the anatomical structure of the organisms 


and how it changed through time arc classic pointers 
which help in understanding functional adaptations, 
but in the case of the graptolites other recently 
developed indicators arc also a help. 

The branching structure of multirainous grapto¬ 
lites. for example, has proved particularly amenable 
to computer analysis and simulation (Fig. 10.17). 

Multirainous graptolites occur typically in the 
Lower Ordovician (dichograptids) but also at higher 
levels (e.g. nemagraptids and cyrtograptids) where 
some fonns become secondarily convergent on 
dichograptids. Computer simularions have shown 
that various branching patterns just like those in 
‘real’ multirainous graptoloids can be generated by 
pennutations of very simple rules (Fortey and Bell. 
1987). In most dichograptids branching is dichoto¬ 
mous, i.e. each growing stipe splits into two equal 
daughter stipes at the same time, and as the colony 
grows there will come a further zone of dichoto¬ 
mous branching. 

The simplest computer-generated models were 
based on just such standard dichotomies. 
Instructions were given (1) for branches always to 
split dichotomoiisly at nodal points, but (2) to alter 
the angle of dichotomy in some forms and/or (3) to 
delay the initiation of dichotomy. The ‘graptoloids’ 
thus generated bear a singular resemblance to the 
well-known quadiradiate (Slaiiroip'aplus), triradiate 
(Bryos^raptus) and biradiate (Clcno^raptiis) genera of 
the Lower Ordovician. Another permutation pro¬ 
duced a ‘graptoloid’ with an S-shaped main stipe 
with fan-shaped daughter stipes (approxiinabng 
Ncniaj^rtiptus). Again, a computer model with 
instructions to generate curving stipes produced a 
close match with CYrtOf’raptiis, a monograptid (Fig, 
If).8c) which has become secondarily multirainous 
by the regular generation of cladia, some of which 
may themselves grow secondary cladia. 

Hut what may be the significance of such pat¬ 
terns? From the analysis both of real and computer- 
drawn graptolites it is evident that branches tlo not 
interfere with each other. Whereas ‘possible’ models 
can be generated where the branches do overlap, 
actual graptoloids of this kind never occur in nature. 
Such multimmons graptoloids must therefore have 
been planar, either flat or slightly conical. Moreover 
the stipes within this flat plane are regularly arranged 
with spaces between them, and in some instances 
potential dichotomies within a rhabdosome h.ive 
been suppressed where otherwise the stipes would 
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FIgvre 10.16 AiAorphologicol adaptations which cause graptaloid rhabdosomes to rotate, as tested by physical modelling: (a) prox¬ 
imal hook on monograptid rhabdosome; (b) vane on biserial rhabdosome; (c) thecal offset on a dicellograpHd; (d) Cyrtographjs, with 
spiral form, cladia and thecal offset; (e) Nemagraptus would rotate only if the rhabdosome had this twisted S-shape, rather than 
being flat; (f) Loganograptus would rotate if stipes were angled relative to one another, as in a propeller. (Redrown from Rigby and 
Rickards, 1989.) 


tlic stipes were probably arranged in life. Nenia^raptiis 
models, for example, constructed as planar forms, 
did not rotate. If, however, the main S-shaped stipe 
was bent symmetrically above and below the plane, 
with the secondary stipes forming a ‘spiral staircase’, 
then the model rotated effectively. In other multira- 
nioiis genera {Loi^aihK^rapliis) twisting of the stipes at 
an angle to one another as in a propeller likewise 
facilitated rotation, and in Cyrto^rapUis further aid 
was given by secondary cladia. In this genus 
(Underwood, 1995) there is a complex suite of 
overlapping webs, connecting the cladia with the 
main stipe (Fig. 10.8c). These are composed of thin 
peridennal sheets and give the rhabdosome a screw- 
like form. They may h.ivc acted to direct water into 
separate channels as Cyrfutjriipfn.? rotated. 

Many model pauciramous graptolites also rotated, 
Dia'Ilogmpliis by thecal offset, biscrial rhabdosomes 
by vanes (whether bladcd or twisted ribbon type), 
and curving monograptids by the curve itself 
Straight monograptids, on the other hand, fell with¬ 
out rotation. 


The advantage of spiral fill is evident both in 
large multiramous fonns, sweeping out a broad har¬ 
vesting path, and in thin, scandent fonns exploiting 
a narrow path. No rhabdosome, however, could 
continue falling indefinitely: it would eventually 
have to rise, which presupposes some degree of 
automobility, or at least the capacity’ to change its 
buoyancy. The nature of such processes in the 
absence of direct evidence is still uncertain; but the 
use of both computer and e.xperimental models h.is 
at least partially reconciled opposing hypotheses, 
and added a new dimen.sion to our understanding of 
how graptolites lived. 

Ciraptoloids seem to have been a primary’ compo¬ 
nent of the plankton of the Palaeozoic, and gener¬ 
ally tropical and temperate in distribution. Their 
common association with black shale (graptolitic 
facies) with its high carbon content and presence of 
syngenetic pyrite suggests that these planktonic 
organisms were preserved in conditions where no 
benthos flourished; then they would he able to be 
preserved undisturbed by bioturbating animals. 
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Since they are found in other kinds of'sediment they 
must have been widespread, but tlieir association 
with a particular arj^llaceous facies is largely a matter 
of preservation failure elsewhere. 

Rigby’s (1993) studies of graptoloid orientation 
On bedding surfaces in the Middle Ordovician of 
Quebec showed that the two species present (an 
Amplcxograpliis and an Ortho^rapiiis) reached the sea 
floor at difFerent times. This suggests that the sepa¬ 
rate populations hved as monospecific shoals, and 
possibly at different depths in the water column. 
This work also gave evidence of seasonal growth of 
graptoloid rhabdosonies, with different sizes of 
jjhabdosoine at various times of the year. The nature 
of’synrhabdosomes’. i.e. radial aggregates of mono¬ 
specific graptofoids present here and in other beds, is 
mil disputed. Some authorities believe that these are 
real associations, possibly indicating a method of 
rapid asexual cloiung, but Kigby favours the sugges- 
tioii that they result from ‘marine snow’, i.e. organic 
detritus stuck together by mucus webs of zooplank¬ 
ton, falhng though the water and collecting grap- 
toloids as it sank. Graptoloids were evidently eaten 
by predators (Underwood, 1993), and there is evi¬ 
dence for crunching or absorption of whole rhabdo- 
»mes, or dehcate plucking of individual zooids; 
graptoloids may also have hosted small panisites. 


10.6 Founol provinces 


The distnbution of graptolitcs on a global scale, at 
least in the Ordovician, was not always uniform 
pkevington, 1974; Finney anil Chen Xu, 199(1; 
Berry and Wilde, 199(J; Rickards ct ill., 1990). In the 
orly Arcnig it seems that most graptolite genera had 
|l cosmopolitan distribution, but from the later 
irenig onwards until the end of the Llandeilo there 
were two well-defined graptolite faunal provinces — 
die ‘Atlantic’ or ‘Europc.m’ prcsvince and the 
Pacific’ province — whose faunas are not closely 
imilar. The area of the Atlantic province includes 
England and Wales, southeasteni Ireland, most of 
iurope. North Africa and. rather oddly. Fern and 
lolivia. On the other hand, the graptolitcs of the 
dcitic province are found in North America, 
Irpcntina. all of Australia and Austrahisia and (at first 
light paradoxically) in Scotland, north western 
Ireland and western Norway, The graptolitcs col- 
seted from any part of one of these provinces bear a 


fairly close resemblance to each other at the generic 
level. 

Thus amongst other distinctive fiicton. pendent 
(tuning fork) Didywo^’raptiis species are very com¬ 
mon in the Atlantic but not in the Pacific province, 
which has a more diverse fauna with iso-, cardio-, 
onco- and siiiograp>tids. iJiserial scandent graptoloids 
common to both provide a good basis for strati- 
graphical correlation. 

The zenith of provinciahsm was reached in the 
Arenig-Llaiivirn, and m the later Ordovician the 
tv'o faunal provinces were replaced by a single one. 

What could have been the controls of provincial¬ 
ism? With frcc-floatmg organisms, geographical bar¬ 
riers are likely to be less important than they are 
with shelf-living benthos, unless they cross tempera¬ 
ture zones. Such more or less latitudinal zones 
defining regions of differing temperature (tropical, 
subtropical, warm-temperature, cold-temperuure, 
boreal, polar) are the most important single control 
of the global distribution of organisms today, and 
presumably they were of the Lower Fahieozoic 
plankton also. The latitudinal thermal gradient is 
also responsible for the differentiation of oceanic 
waters into separate water masses. It is very probable 
(Finney, 1984; Finney and Chen Xu, 199(1) that 
specific graptolite taiin.is were confined to particular 
water masses; indeed water-mass specificity has been 
cited as the prime control of graptolite biogeogra¬ 
phy. (Berry cl al. (1987) have suggested that some 
graptolitcs inhabited the oceanic o.vygen iiumimiin 
layer.) 

The Pacific faunas of the Lower Ordovician were 
apparently circumtropic.il and were confined 
entirely berw'cen the latitudes 3(.)'’N and 3()°S. 
Atlantic faunas, on the other hand, lay south of 
3()°S, except for the European region, where 
Atlantic fauniis arc found nearer to the equator. It 
has been proposed that the isothemis more or less 
followed palaeolatitudcs, except where a tongue of 
colder water projected northwards in the European 
region (as with tod.iy’s Peru Current), carrying with 
it its own indigenous fauna. 

Such a pattern could well account for Lower 
Ordovician graptolite distribution, with water-mass 
specificity (ultimately dependent on temperature) as 
the primary’ control, but why then did the faunas 
of the later Ordovician become more uniform? 
One reason is that Families Dichograptidae and 
Sinograptidae, which had been important m 
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defining the two provinces, liad by this time 
become extinct, but it is most signiticant that almost 
no later Ordovician graptolites are found outside the 
palaeolatitudes 3U®N and 3M°S; they are confined 
within the region formerly occupied by the circuni- 
tropical Pacific province. This reduction of the geo¬ 
graphical distribution of graptolites in tlie later 
Ordovician may well have been under climatic con¬ 
trol. High latitudinal realms no longer supported 
graptolites, because the waters were too cold, and 
the graptolites of the tropical zones were unable to 
adapt to cold conditions. 

By the latest Ordovician (late Ashgill) only some 
five or six species of graptolites remained: a deci¬ 
mated stock living at a rime of widespread glacial 
conditions, from which came the earliest mono- 
graptids. During the milder climates of the Silurian 
their descendants were able to expand and diversify 
and to spread uniformly and widely across the world 
once more, to the regions that their ancestors had 
occupied in the earlier Ordovician. For a time, a 
tropical Pacific province and a cooler Atlantic 
province were re-established. From the Ludlow, 
however, until their final extinction in the Pragian, 
graptolites appear to have been confined to tropical 
seas alone. 


10.7 StraHgraphical use 


To geologists, graptohtes arc primarily of interest as 
stratigraphical indicators. The sequence of graptolite 
faunas has been used for the subdivi.sion of 
Ordovician and Silurian rocks since the time of 
Lapworth, whose work in southern Scotland in 
unravelling the complexities of geological structure 
IS classic. Their value for long-range correlation is 
because (1) they were planktonic and widely dis¬ 
persed: (2) most species were eurythermic and thus 
not confined to latitudinal belts; (3) the majority of 
graptoloids were epipelagic, and thus may be pre¬ 
served both in deep-water and shallow-water facies, 
subject to preservability; and (4) the stratigraphic 
range of many species is short. The main problems 
in the stratigraphical use of graptolites are as follows. 

(1) graptolites are usually preserv'cd as compressions, 
and there may be problems in precise identification; 

(2) the time range of some graptoloid species is 
rather long, and it is not possible with such species 
to give the kind of stratigraphical precision that is 


possible with (for instance) ammonites; (3) graptn- 
lites are normally confined to black or grey shaly 
facies by preservational factors, but often great 
thickness of Ordovician and Siltinan strata, which 
might be expected to contain graptolites, do not in 
fact have any fossils at all. Furthermore, it is rela¬ 
tively rare to find graptolites in coarser-grained 
rocks away from graptolitic tiicies, and there arc 
consequendy singular problems in correlating 
between areas of different facies. 

Usually geologists look for areas where, because 
of shoreline oscillations, there .are exposed 
sequences of alternating graptolitic and shelly facies, 
so that a particular graptolite assemblage is time- 
bracketed witliin a trilobitl^-brachiopod assemblage 
and hence the two may be directly correlated. 
Alternatively, the discovery of mixed graptolitic and 
shelly taunas in the same argillaceous sediment is 
most helpful. Even so. there are successions where 
the shelly faunas are indigenous to the region or 
have very long ranges and where in the absence of 
graptolites precise correlations arc not possible. 

Individual graptolite zones arc based and defined 
on the time ranges of particular short-ranged 
species, though the named species is normally only 
one of a number in the total fauna. In the European 
succession 13 Ordovician, 32 Silurian and tliree 
Devonian zones have been erected and are ill com¬ 
mon use. Some widespre.id species, such it 
Glypioifraptus icrcliiifciiliis, \'cnu]<>riip>tiis ipacilis and 
DiceUoi^rapuis iviiifyljniUiis, arc normally considered as 
representing time-equivalent honzons, but there 
may be some diachroncity. The problem of 
diachroncity is a real one and corrchitions have to be 
ba.sed upon such events that can be shown to be the 
least diachronous. The only w.iy to do this is to use 
‘as many closely sp.tced events (first and last appear¬ 
ances of species in time), rather than a few selected 
“correlation fossils’” (Cooper and Lmdholm, 1440), 
This high-resolution approach to stratigraphy using 
130 graptolite species, has cn.ibled these authors to 
correlate Tremadoc-Llandeilo sequences on a globd 
basis, with great precision. 

Though some graptolites m.iy be very wide¬ 
spread, tlicre arc many others which are geographi¬ 
cally restricted and useful for strictly local ' 
correlation alone. Because of this difticulty several 
palaeontologists have tried to define faunal uiiiti . 
wliich arc larger than zones but of more or less 1 
worldwide application. These successive graptolite | 
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faunas (Fig. 10.11) arc easily identified and in any 
case epitomize, as liulman (19.58) has shown, the 
geological liistory of the group. 

The following sequence of graptolite faunas 
through time is from Bulman (19.58). The vanous 
faunas and subfauiias licre noted are defined on the 
first appearance of new graptoloid types. 

The Treniadocian is characterized by an aniso- 
graptid fauna consisting mainly of Rhahdwopora 
species and other anisograptids. Since provinciality 
was well marked at this time there are some prob¬ 
lems in intercontinental correlation. The time 
equivalence of ditferent Rluihdimpora species in var¬ 
ious parts of the world is now becoming reasonably 
clear, even though these species may be mutually 
exclusive. 

Very few graptolites of Upper Tremadocian age 
are known, other than one &una from the Yukon 
Territory and another from Norway in which 
Br)'ograptiis, Kiacm^rapnis and possibly a Didyme^raptus 
have been describee!. Hut other than this doubtftil 
record there are no true graptoloids known from 
Tremadocian rocks. 

The succeeding dichograptid fauna of the Arenig 
IS marked by the incoming of the earliest dictograp- 
tids. Tetriigraptus is found nght at the base, and is usu¬ 
ally associated W'ith didymograptids as well as with 
remaimng anisograptids. The e.xtensifomi didymo- 
grapuds of the Arenig were replaced in the Llanvini 
1 by tumng fork species of lyidyfiic^Mptiis (though by 
I the Llanvini the succcciiing diplograptid fauna 
I became established), and the genus continued into the 
jlCaradoc before becoming extinct. Provinciality is 
jlwell marked in the Lower Ordovician, and the 
tndenuc Pacific genera ChiiOf>mpnis, Cardk^ruptiis and 
jfcjpapnii have been found stratigr.iphically usefril in 
beds ot equivalent age in western Nonh America and 
[Australia. 

A tew biserial graptoloids are found at the very 
top ot the Arenig, but the real flowering of the bLs- 
tnal genera is from the Llanvini until well into the 
liiluriaii. The diplograptid fauna spans the period 
6om the Llanvini to the lowcniiost Silurian, before 
the incoimng of the monograptid fauna. The 
diplograptid fauna is divided into four subtliunas. 
The Glypto^rapHiis-AmpIexograptus subfauna of the 
llanvini and Llaiideilo contains many tuning fork 
paptoloids in addition to the genera from which the 
buna takes its name; evidently the main period of 
ftffercnnation ot the biserial graptoloids took place 


at this time, even though they arc not numerically 
abundant. Lower Caradocian beds contain a 
Nt’magrapfiis-DkeUoji’raptus subfauna m which 
Diermw^raptm is also found and which contains the 
final dichograptids. The Ortlw^raptus-Dkellograptiis 
subfauna replaces it in the Upper Caradoc and 
Ashgill. In the later Ashgill this subtauna is some¬ 
what impoverished as is the Ortlwgrtiplus- 
Climaiotiriiptiis subfauna of the lowermost .Silurian, 
which iimiiediately predates the arrival of the 
monograptid fauna. 

This fauna extends throughout the whole of the 
Silurian (other than in the two lowermost zones) 
and into the Pragian. Though it has not been 
divided into subfaunas, different monograprid types, 
characterized mainly by their thecal construction, 
are found successively and can be used stratigraphi- 
cally. These assemblages allow the Silurian to be 
divided into zonal units of less than a million years 
duration. 
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Arthropods 


11.1 Inh^duction 


Artliropods liavc, as their most distinctive character¬ 
istics, a hard outer coat or cxoskclcton and jointed 
appendages which they use for movement and 
feeding. Tliose living today fall into three recogniz¬ 
able groupings, the Crustacea, (shrimps, crabs and 
lobsters), the C.helicerata (spiders, mites and scorpi¬ 
ons), and the Uniramia (insects and other fonns). Of 
the extinct forms, trilobites and eurypterids (the 
giant Palaeozoic water scorpions) are the best 
known. Arthropods arc perhaps the most successful 
and diverse of all invertebrates, and since their tough 
exoskcleton offers considerable potential for fos- 
silizahon (especially if mineralized) their geological 
record is good. 

Arthropods are segmented coelomate metazoans, 
as are the annelid wonns with which they possibly 
share a common ancestry. In annelids the only 
skeleton is a hydrostatic one provided by the 
coelomic Huid, which docs not give a rigid anchor¬ 
age for muscles. The arthropods, however, because 
of their finn exoskcleton, and also since many also 
have an internal skeleton (endoskeleton), possess a 
rigid base for attachment of the internal muscles that 
move the limbs; hence they have the potential for 
rapid locomotion. Many, furthemiore, have hard 
jaw structures (mandibles) which can grind, crush 
or bite. Thus arthropods, in tenns of movement and 
feeding, have an overriding superiority over the 
annelid worms and have been able to invade many 
different environments which remain closed to the 
latter. 


11.2 Classification and general 
morphology 


Diversity of arthropod types 

Arthropods take their name from the jointed 
appendages that arc a constant feature of their 
organisation (Greek: ap0O(|)(; = joint, TtoSoi; = 
foot). These same appendages, which include the 
jaw structures, have become very differentiated, and 
their number, arrangement and morphology are 
often of critical importance in taxonomy. Many dif* 
ferent taxonomic schemes have been erected for the 
arthropods, and there is still much controversy over 
whether they arose from single or from multiple 
ancestors. One view is that of Manton (1973, 1977) 
that the arthropods are polyphyletic. She considered 
that ‘arthropodization’ occurred at least three times, 
leading to three or more distinct phyla. According 
to Manton, therefore, the ‘Phylum Arthropoda' « 
an unreal entity consisting of heterogeneous ele¬ 
ments. Other authorities (e.g. Briggs and Fortey. 
1989, 1992) while recognizing the three main living 
groups, prefer the concept of a small number of 
major body plans with a common arthropodan 
ancestor. The present debate, fuelled by dadistit 
analysis and the discovery of very early crustaceans, 
is likely to continue for a long time yet, and so foi 
convenience Manton’s system is followed here. This 
covers both recent and fossil arthropods, though the 
taxonomic status of trilobites, which are the mosi 
abundant fossil arthropods, is not yet fully resolved. 
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PHYIUM UNIRAMIA (Cam.-Rei .): Jaws bitf with tlu- tip of a 
wholf limb. Trunk lacks biramotis (twii-braiichcd) 
pemlages; the limbs are uniramous. 

ClASS 1. ONYCHOPHORA (Cam.-Rcc.): These have a 
non-rigid segmented body, with unjomtcd legs that can 
be inflated with blood for rhythmic walking. Jaws short, 
ventrally directed, with bl.tdc-likc terminal claw^. 
Examples include I’cri/hUiis (Recent terrestrial), .'ly.s/ieid 
(Cambrian marine). 

CLASS 2. MYRIAPODA (Carb.-Rec.): Myriapods and cen¬ 
tipedes; entirely terrestnal. Have jointed mandibles biting 
m the transverse plane. Some giant fossil representatives, 
such as the terrestrial Upper Carboniferous Arlhroplaira. 
ClASS 3. HEXAPODA (Dev.-Rec.): Insects, aenal and ter¬ 
restnal. The most diverse and numerous of all terrestrial 
animal species. Mandibles primitively roll and grind, but 
111 some cases strong secondary transverse biting is 
possible. 

CRUSTACEA (Cam.-Rec,): [Toniinantly marine 
hropods with many fossil representatives. A very varied 
fcyluni with highly differentiated limb morphology. The 
1 advanced aquatic crustaceans pass food forwards from 
khind towards the mouth along a median food groove using 
; bmbs, or by feeding currents generated by the limbs. In 
Ivanccd aquatic crustaceaivs the food is lilted up from the 
^stratum by spcciahzed appendages. The biting jaws 
ndibles) are formed from gnathobascs: internal exten- 
1 of the appendages which meet in the median plane and 
1 or gnnd together as the limb moves backwards and for- 
Iwis The outer part of the leg may disappear. 

carhest crustaceans were SUBCLASS 
YLLOCARIDA (Cara.-Rcc.), which have a large 
lived carapace almost covering the body (e.g. Jones and 
odward. 1888-1 flW; Rolfe, 1962). These, .ibundant in 
uii fades in the earlier Palaeozoic, may have been ances- 
il to the more advanced shnmp-like or lobster-like forms. 

; earliest of which are latest Devonian in age and which 
c become extremely import.mt since then. 

IVIUM CHELICERATA (Cam -Rcc.): A l.irge arthropod 
up in which all representatives have the body divided into 
I parts: the prosonia (frised head and thorax) and the 
hotoma (abdomen). The jaws can pnmitivcly bite 
pithcT in the transverse plane, using a biting movement 
ate unlike the secondary transverse biting movement of the 
at eaas. The presence of a pair of cheiiccrac (pincers) m 
ulof the mouth is characteri-stic, 

ClASS 1, MEROSTOMATA (Cam.-Rcc.): Aquatic chehcer- 
I un, with two important subclasses well represented as 
1* fossils; 

SUBCLASS 1. XIPHOSURA (Cam.-Rec.); Includes the 
modem horseshoe crab /ji«»/iiv and its fossil representa¬ 
tives (Order Xiphosurida) and the Cambrian Order 
Aglaspida. 

SUBCLASS 2 EURYPTERIDA (M. Ord.-Penn.); A group of 
lirge freshwater and marine water scorpions (similar in 
ippearance to terrestnal scorpions, but not very closely 
related) 


CLASS 2. ARACHNIDA (Sil.—Rec.); All are eighl-legged; 
some arc marine, but most are terrestnal. Includes spiders, 
harvestmen and scorjiions. Fossil spiders arc occa.sionallv 
found in Upper Carlsoniferous coal-bearing secjnenccs, 
and many examples arc preserved in late Tertiary ambei. 
which was exuded as a resin from the bark of conifers and 
trapped spiders and insects. Pycnogonida (sea spiders) 
have small bodies with four pairs of stout or spindly walk¬ 
ing legs. They arc all marine and especially common in 
modem Antarctic \v.atcrs where there are over IlMl 
species, including giant fomis. They have been regarded 
as ail uidepcndcnt subphyluni. but Manton's studies show 
that they arc more likely to have derived from an early 
group of nianiie arachnids. 

Although the taxonomic status of trilobites and similar forms 
is yet uncertain, they have been considered as a possible 
phylnin (as in the third edition of this text) but at present 
most authorities would prefer to regard them as a class, .i 
scheme provisionally, and with some uncertainty', .idopted 
here. 

Ul.ASS TRIl.CYBITA (Cam.-Pcmi.): Marine arthropods 
known only as fossils; the earliest known arthropods, with 
hard, thrcc-lobcd exoskcletons tagmaazed antenorly .is a 
cephalon, with free thoracic segments and a plate-like postc- 
nor pygidium. They have a pair of antennae and serially 
repeated biramous limbs all the way down the body. 

Considering the great diversity of arthropods, living and 
fossil, and in view of their full treatment by Mantoii (1977), 
discussion of arthropods here is linuted to trilobites, chelicer- 
ates and crustaceans. 


Feotures of arthropod organization 

The cxoskclctal cuticle h.is undoubtedly been one 
of the principal factors in the success of the arthro¬ 
pods. It gives a physical and chemical barrier 
between the animal and its environment, yet allows 
a degree of osmotic and temperature regulation. 
Furthemiore, it supplies good protection against 
predators and a finn base for the attachment of the 
internal muscles that move the limbs. It also pro¬ 
vides a satisfactory location for various kinds of sense 
organs, being linked to the nervous system through 
fine tubular canals in the cuticle and strategically 
positioned for environmental monitoring. 

Although the .advantages of having a cuticle are 
clear, there are also problems which the inhabitant 
of a hard outer casing has to contend with. Of these, 
articulation of the joints, respiration and growth are 
perhaps the most acute. 

All arthropods have segmented bodies. The 
exoskcleton of most modem ones consists of hard 
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sclerites, each usually consisting of a dorsal tergite 
and a ventral stemite, making a ring for each seg¬ 
ment. These may form a rigid cylinder or, altema- 
tively, the exoskeletal rings may be able ter move 
against one another by means of internal muscles 
running from one segment to the next. The joint 
between each segmental ring is protected by Hexi- 
ble, Limnineralized cuticle attached to the Junction 
between segments. Similarly, each ‘leg’ (Fig. 11.1) is 
a chain of hard cylinders connected by short links of 
soft and flexible material and powered by internal 
muscles. 


These muscles may be attached to internal knobi 
(apodemes), often fonned by simple infolding of 
the exoskeleton, or to an endoskeleton. The mus¬ 
cles operate according to the normal antagonistic 
system, so that when one set of muscles contracts to 
move the limb in a particular direction, the opposite 
set will simultaneously relax (as with the biceps and 
triceps muscles of the human ann). When the 
opposing set contracts, the limb moves the other 
way. 

Respiration in ac^uatic arthropods normally takes 
place through gills. These are iisn.ally lamellate 



Figure 11,1 (a) Diversity of arthropod types with representative exomples of major groups; (b) limb joint and internal musculotut 

in an arthropod leg. ((b) Redrawn from Wigglesworth, Principles of Insect Physiology, 1965.) 
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organs with a very thin eiincle. extending from tlie 
bases of the appendages into the surrounding water. 
Ill very small arthropods diffu.sion over the whole 
body surface sufFices, and there arc no gills, but in 
larger ones there arc gills which can sometimes be 
preserved fossil. Sometimes gills arc located in spe¬ 
cialized internal chambers. Modified gills in internal 
cliaiiibeni are also found in some terrestrial arthro¬ 
pods, such as the lung books of arachnids. Many 
terrestrial arthropods breathe by tracheae, which 
arc branched, spirally thickened tubes bringing air 
direct from the outside to the tissues. Such tracheal 
respiration is possible only in animals of relatively 
small dimensions, which is perhaps a critical factor 
in controlling the upper size limit of insects. 

Growth is perhaps the most difFicult physiological 
problem for artliropods, since the ngid exoskeleton 
encasing them cannot enlarge once it is fonned. It 
has to be shed or moulted at intervals while a new 
and larger exoskcleton fonns. This moulting process 
IS blown as eedysis. It is a limiting system in 
' arthropods and not an entirely perfect one, for some 
DO-Vf•‘.'ii of arthropod mortality occurs during 
moulting. Uefore the cxoskeleton is cast, a new 
ciincle, somewhat larger than the existing hard shell, 
IS fomied below the old one. At this stage it is elas¬ 
tic. soft and wrinkled. While this is being fonned, 
the lower part of the old cuticle is partially dissolved 
from below by corrosive fluid poured out from 
|nitaiieous glands below the new cuticle. Just before 
I the old cxoskeleton is cast, the animal stops feeding 
jbut takes up much oxygen and water. As it swells it 
I makes spasmodic movements of the body to shake 
\ off the hard shell, and finally it is able to withdraw 
wtself completely. The old skeleton may have special 
'bnes of weakness which facilitate its splitting; this 
ITO the case in trilobites, where the lines of weak- 
iiicss are known as sutures. The final swelling of the 
jbody to its full size takes place through the uptake of 
water after the casting process is complete. The ani¬ 
mal is now soft-shelled and cannot move much; 
cutide hardening and further secretion take place 
when this stage is over. The initial cuticle is paper- 
Idmi. and the acquisition of the full cuticle thickness 
may take some time. 

Duniig moulting the animal is very vulnerable, 
both to predators and to the possibility of teanng. 
Ecdysis is, furthemiore, a wasteful process as much 
organic material is lost each time. But because of 
icdysis we have a good record of the moult stages of 


many fossil arthropods, and by arranging the cast 
shells in a size series it is possible to elucidate the 
various transfomiations that the fossil arthropod 
went through from the larval to the adult stage. In 
trilobites especially this has proved to be of the 
greatest interest. 


n.3THIobito 


Trilobites are the earliest of all known arthropods. 
Their first representatives arc found in rocks of 
Lower Cambrian age just above the earliest iion- 
tnlobite (Tonuiiotian) Cambrian fauna. The last 
died out 111 the late Pemiian. Throughout their 35(1 
million years of geological history, they preserved a 
remarkable constancy of form, though with many 
variations. All trilobites were marine. Well over 
15(X) genera are known, and there are several thou¬ 
sand species of which many, especially those of 
Cambrian and Ordovician rocks, have great strati- 
graphical value. 


General morphology 

Certain characteristics distinguish tnlobites from 
other arthropods. In all tnlobites the head 
(cephalon) is a single plate, made up of several 
tu.sed segments. There arc usually sense organs on 
the head, and there are .also certain lines of weak¬ 
ness, known as cephalic sutures, which look like 
cracks on the surface but apparently facilitated cedy- 
sis. The body (thorax) consists of a number of tho¬ 
racic segments hinged to one another and 
allowing some capacity for enrollment of the body. 
The tail (pygidiuni), also segmented, is fiised into a 
single plate like the head. These three primary divi¬ 
sions of the body are set at right angles to the 
unique, three-lobed, longitudinal division from 
which the class takes its name. 

The limbs (or appendiigt's) which were attached to 
the lower (ventral) surface are rarely preserved. When 
they are found they arc seen to have a surpnsing 
structural unifonnity within an individual trilobite. 
Except for the fle.xible uniramous antennae they arc 
all two-branched (biramous), and their structure is 
virtually identical all the way down the body. 

These special features are not shared by other 
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arthropods, and trilobites evidently fonn a group of 
their own which apparently left no descendants. 


Acasto doy/^ningiao (Fig. 1 1.2) 

The Silurian -dcii.sfc downitiiiiac, which is common in 
the carbonate facies of the borders of Wales and 
England, shows most of the characteristic features of 
an ‘advanced’ trilobite. The body has the shape of a 
laterally flattened ellipse. The head (cephalon) is 
somewhat larger than the tail (pygidium), and the 
central part of the body (thora.x) has 11 articulated 
segments. 

The cephalon is quite strongly vaulted with a 
pentagonal to semicircular shape and transverse pos¬ 
terior edges. In the centre of the cephalon is a raised 
central hump (the glabella), bounded at the sides by 
diverging axial furrows and reaching to the ante¬ 
rior border. The glabella is indented by three short 
and more or less iransverse pairs of furrows (the 
glabellar furrows) and is closed off at the back of 
the cephalon by an arched occipital ring. 
Stretching out sideways from the occipital ring are 
the posterior border furrows, which delimit a 
thin strip of the cephalon at the posterior edge; this 
is the posterior border. Yet another indentation 
(the lateral border furrow) runs parallel with the 
semicircular lateral border, and in this trilobite it 
joins the narrower anterior border furrow round 
the front of the glabella. 

Placed laterally to the glabella are the eyes, which 
here are large and crescentic. The lenses are borne 
on a visual surface and are arranged in a system of 
hexagonal close packing. There are about 1 fM I lenses 
fonning a compound eye hke those of in.sects and 
crustaceans, but they are unusually large and sepa¬ 
rate from one another. Tliis is characteristic of 
schizochroal eyes, winch are confined to the par¬ 
ticular suborder (Phacopina) to which .detufe 
belongs. Above the visual surface lies the flat palpe¬ 
bral lobe, separated by a crescentic palpebral fur¬ 
row from the small raised palpebral area. The 
antenor edge of the eye is very clcsse to the glabella, 
the posterior one farther from it. 

A thin though very' distinct hncation (the facial 
suture) runs between the palpebral lobe and the 
visual surface: this suture extends forwards around 
the front of the glabcUa, being continuous with the 
ficial suture on the other side of the head. 


Posteriorly, the facial suture turns out transversely 
on either side to tenninate well in front of the genal 
angle, which is the most postcro-lateral point of the 
cephalon. This sort of suture is said to be propar- 
ian. The region lateral to the glabella, though 
within the suture, is the lixigena; outside it is the 
librigena. In many trilobites the anterior branch of 
the facial suture cuts across the aiitero-lateral border, 
so that there arc two distinct sutures rather th.in a 
single continuous one. In such cases, which iiicltide 
the majority of Cambnan species, the ceph.ilon may 
distiiitcgrate before burial into three components: 
the two librigenae and the central cranidium, 
which is the glabella plus fixigenae. This disintegra¬ 
tion does not usually happen in .dw.ste because the 
suture IS continuous. 

The lower surface of the cepluilon shows that the 
antero-lateral borders are continued ventrally as a 
narrow flange (doublure), whose inner edge i* 
concentric with the edge of the cephalon and 
directly below the antero-lateral border furrow. It 
docs not extend, however, all the way to the occip¬ 
ital ring, being phased out along the posterior bor¬ 
der. Two pairs of pronounced knobs (the 
apodemes) project ventrally from the posterior two 
glabellar furrows. These seem to be associated with 
the attachment and articulation of the ventral 
appendages. Identical apodemes are present on the 
thoracic segments, and evidently there were leg; 
under the head as well as under the thorax, though 
such appendages are not preserved in Acaste. 

A large plate with a central ‘blister’ is attached to 
the rear edge of the anterior cephalic doublure. This 
is the hypostome, wdiich lies below' the gl,ibella, 
The mouth apparently lay directly behind the hypos¬ 
tome, and from it the oesophagus ran forward to the 
stomach which lay in the space between glabella and 
hypostome. The gut evidently ran posteriorly from 
the stomach along the thoracic axis to end under the 
pygidium. The shape and position of the hypostome 
is very variable amongst trilobites, and many geiierj 
can be identified on the basis of detached liypios- 
tomes found in the rock, even if the rest of the 
cxoskeleton is missing. A couple of small swellinp 
(the maculae) lie towards the rear of the hypov- 
tome. It has been suggested (Lindstrom, 1^01) that 
these are ventral eyes such as arc possessed by vanoiis 
modem arthropods, but their fine stnicture is nor¬ 
mally indistinct, and this may not have been so. 

In Araste there are 1 I thoracic segments. They air 
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aU identical in tonn, thougli the posterior ones are articulating furrow), in front of which projects a 

slightly smaller. In each there is an arched axial ring semicircular articulating half-ring which in life fits 

identical in fonn to the occipital ring of the cephalon neatly under the axial ring in front. The paired 

and defined laterally by paired axial furrows. The pleura (singular pleuron) project horizontally from 

axial ring is bounded anteriorly by a groove (the the axial ring, though their outer extremities are 
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Figure 11.2 Morphology of Acaite downingiae. Silurian, England: (a) dorsal surface; (b| ventral surface; (c) side view in natural life 
oltiK/de, (d) enrolled specimen; (e) dorsal view of two orticulated thorocic segments in an enrolled specimen, with the orticuloting holf- 
ring exposed; (f) frontol view showing anterior arch. [All x 2 except (e)]. For odditionol terminology see text. 
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sharply turned down. Eacli plcuron is indented by an 
oblique pleural furrow. There is a short doublure 
on the outer edge of each plcuron. The anterior edge 
of the downtumed distal part of each plcuron i.s a flat 
and tnincatcd articulating facet. When the trilobite 
rolled up in a ball for protection the paired facets slid 
below the rear edge of the preceding pleura, whilst 
the axial region, now expanded into a hoop, was pro¬ 
tected by the series of articulating halt-rings which 
were then exposed. The pleura arc separated by 
interpleural furrows. 

The pygidiuiii is a flat plate of flised segments 
resembling those of the thorax. It has a similar half¬ 
ring at the front and is articulated with the rear tho¬ 
racic segments in the same way as the thoracic 
segments are all linked. The pygidial axis luis a series 
of furrows equivalent to articulating furrows, 
becoming more closely spaced and fainter towards 
the rear. T he lateral parts of the pygidium (pleural 
fields) are sculpted by two kinds of inelentation: one 
series equivalent to the edges of the thoracic 
segments (interpleural furrows), the other to the 
thoracic pleural furrows. Often the latter are more 
strongly pronounced in the tnlobite pygidium. The 
pygidial doublure has about the same width as the 
cephalon. 

Since the trilobite cuticle or ‘shell material’ is 
fairly thin, each furrow (indentation) on the dorsal 
surface is marked as a ridge on the ventral side and 
vice versa. The exception is the fine granulation 
on the outer surface of Araste which is not reflected 
vcntrally. The small granules arc remains of sense 
organs, probably rlic sites of small hairs susceptible 
to vibrations in the water. 

Acaitc probably spent most of its time near the sea 
floor in .in outstretched attmide. The reconstruction 
given here i.s based upon several assumptions; for 
example, only when the cephalon is in the orienta¬ 
tion illustrated, with the antenor border raised to 
form an anterior arch, will the visual field of the 
eye be horizontal. However, it seems to be a reason¬ 
able reconstruction, since the axis and the rips of the 
anterior pleurae are parallel; the tnlobite could c.isily 
rest or crawl upon the sea floor in such an orienta¬ 
tion. The uplifted front of the cephalon (anterior 
arch) below which the hypostome projected, and 
the posterior arch formed by the progressively 
shortened posterior thoracic segments and tail 
uplifted from the sea floor, would allow the free 
passage of water below, aerating the feathery gills. 


Acaste specimens, like certain other trilobites, arc 
often found enrolled with the cephalic and pygidial 
doublures in contact. The outline of the tw'o 
borders is identical, and the opposing surfaces when 
in contact are mirror images of one another. So how 
was such enrollment achieved? It is probable that 
two longitudin,il sets of paired internal muscles with 
antagonistic action were responsible for holding the 
body in an extended posture or rolling it up. One 
set (the flexors) ran all the way along the body, 
joining up the apodemes. There was thus a continu¬ 
ous pair of parallel lines of longitudinal muscle. The 
other sets of muscles were the extensors. Muscle 
scars on the ventral surface show that they joined 
the underside of each articulating half-ring to the 
lower surface of the preceding .axial ring. When the 
flexors contracted the extensors simultaneously 
relaxed, in the nonnal pattern of antagonistic 
musculature found in invertebrates and vertebrates 
alike. Cmitraction of the flexor muscles would 
shorten the distance between the apodemes, and 
since the pleural edges all formed serial parallel 
hinges, the thorax and pygidium could only move 
downwards; thus the tail was swung into the posi¬ 
tion under the head, the legs presumably having 
been lifted out of the way first. Contraction of the 
extensor muscles would bring the body back into 
the extended position. Hence the whole body ol 
Acasic is finely adapted both for perfect spheroidal 
enrollment and active life in a functional, mobile, 
outstretched attitude. 


Detailed morphology of trilobites 

T rilobita are characterized on the one hand by a 
confining evolutionary conservatism and on the 
other by a remarkable plasticity within the limits 
dictated by the defined pattern of organization. The 
overall range in Ibnn is well shown in the photo¬ 
graphic atlases of Whittington (1992), l.evi-.Seni 
(1993) and Lebrun (1995). The moiqihology of the 
earliest and latest trilobites does not depart very rad¬ 
ically from that of Acaste, and much of the observed 
range in morphology' can be related directly to the 
biological functions of its various cotnpoiiena 
Hence it is appropriate to consider the morphologi¬ 
cal range in functional tenns before proceeding with 
the classification. 
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CuHcle (Fig. 11.3) 

Arthropodaii cuticles normally consi.st of several lay¬ 
ers, and the cuticles of trilobites arc no exception. 
Many arthropod cuticles are constructed of chitin (a 
hydrocarbon allied to cellulose) and sometimes rein¬ 
forced by mineral. In trilobites, however, the cuticle 
consists largely of low-magnesian calcite (Wilmot 
and Fallick, |d89) arranged in microcrystallinc nee¬ 
dles orientated nonnal or near-normal to the outer 
surface and set in an organic base whose nature has 
yet to be determined (Dalingwater, 1973b; Teigler 
and Towe, 1975). Chitin has not yet been detected. 
This cuticle consists of tvs'o layers: a relatively thin 


outer layer with large calcite (or possibly calcium 
phosphate) crystallites having their t axes normal to 
the surface, and a much thicker inner or pnncipal 
layer of microcrystallinc calcite. The inner layer is 
laminated, the individual laminae being concen¬ 
trated in three zones; the outer and inner zones have 
closely spaced laminae, whereas m the central zone 
they are much more widely spaced. From the bio¬ 
mechanical point of view (Wilmot, 1990) trilobite 
cuticles are best regarded as ceramics, having a low 
percentage of organic matter and behaving in a lin¬ 
early elastic manner. Whereas the thin prismatic 
outer layer had good compressive strength, it had 
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figure 1 1.3 Trilobite cuKcle: (a) section through cuticle of Phacops rana (Dev.); |b) section through terrace ridges of P. rana show- 
ng outer cuticular layer absent over the 'scarp slope' and the two kinds of pore canals opening on 'scarp' and 'dip' slopes, respec- 
lively; (c) section through dome; |d) section through tubercle; (e) section through composite tubercle; (f) section through anterior 
border ond part of cephalon of P. rana; (g) cuticular sculpturing of P. rana (x 1.5). ((c), (d), (f) Redrawn from Miller, 1976; (e) redrawn 
komStormer, 1980.] 
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linuted resistance to cracking. The underlying 
nncrocrystallinc principal layer, however, was 
higlily resistant to crack foimation. Accordingly 
trilobite cuticles could resist compressive and tensile 
forces. Further resistance tt) breakage is given by the 
architectural properties of the exoskeleton, for 
structurally the exoskeleton is ctFectively a mono- 
coque shell; a strong ‘thin shell' behaving as a 
‘stressed skin’. Its construction as a series of modified 
domes strengthens the shell, as do doublures, cell 
polygons and terrace ridges. The cuticle is well sup- 
pUed with scnsillac: small structures interpreted as 
of sensory function. Thus many kinds of tubular 
canals traverse the cuticle, leading from the inside 
to the surface; the majonty of these are straight or 
helically coiled pore canals, often with trumpet- 
shaped outer ends and in the Cambrian 
[illipsoa’phalus with disc-like swellings within the 
pnncipal layer (Dalingwater et al., 19*11). These are 
most closely packed where the cuticle is highly 
curved. They were probably mainly sensory, carry¬ 
ing small hairs (setae) externally, each connected to 
the central nervous system by a nerve running up 
the canal. By analogy with modem arthropods, most 
ot these would have been sensitive to vibrations or 
chemical change in the water. 

Sometimes the pore canab are associated with a 
system of par.allcl ridges, closely spaced and fomiing 
a regular ‘fingerprint’ ornament over all or part of 
the surface. When examined, this system resolves 
itself as a series of terrace ridges (Fig. 11.3b) giving 
a serially repeated dip-and-scarp topography with 
the sensory pore canals opening at the base of the 
scarps (Miller, 1975). Flume experiments have 
shown that this could have functioned as a current¬ 
monitoring system, sensitive to change in water cur¬ 
rent direction. Terrace ridges have also been 
interpreted, however, as devices for facilitating fhe- 
tioii in burrowing trilobites (Schmalfuss, 19S1). 
Such terrace ridges are nomially concentrated on 
the doublure, but they may also occrir on the upper 
surface of the trilobite. The ventral terraces may 
have been used to consolidate the walls of a filter 
chamber undenicath the resting trilobite. In certain 
orders (e.g. the Proetid.i) terrace ridges are (te- 
quently developed, in others hardly at all. 

Many trilobites have cuticular tubercles (Fig. 

11.3c-g) as their dominant surface sculpture. In thin 
section thc'se appear to be of various kinds 
(Dalingwater, 1973a,b; Miller, 1976). Some are 


merely domes with a space below; others are true 
tubercles enclosing an internal space connected by 
pore canals to the outer and inner surfaces of the 
cuticles. Some kinds of tme tubercles seem to have 
been the sites of large numbers of grouped pore 
canals or sensory organs of other flinction. There arc 
also pseudotubercles which do not have the dis¬ 
crete appearance of tubercles proper. They tend to 
be concentrated in particular areas of the exoskele- 
ton, especially on the glabella and in are.is where the 
doublure is likely to come in contact with the sea 
door. 

The most complex of these, also known as com¬ 
posite tubercles, arc found in phacopids (Fig. 
11.3e). These have a series of tiny sphcncal cavities 
directly below the surface, ffoin which fine canals 
run radially inwards to a club-shaped central mass of 
fine branches arranged in a fan (Stdniier, 19H(I). 
Their function has been debated but is unresolved. 

In the e.xample illustrated here, Pluwops miii (Fig. 
I1.3f), different kinds of structures — terrace lines, 
domes, tubercles and pore canal openings of differ¬ 
ent sizes - have been mapped. Different paits of the 
cuticle were supplied with different combinations of 
sensillae acting as environmental sensors. Most 
cuticular structures seem to have been sensoiy. 
though specific functions can only ever be postu¬ 
lated for a given organ by analogy with sensors in 
modem arthropods; since exact analogies seldom 
occur, tliis procedure can be hazardous. 

Some other kinds of cuticular ‘oniamentation’ 
w'cre not apparently sensory, such as the caecae 
commonly encountered in Cambrian trilobites. The 
cuticle of many Cambrian trilobite genera was thin 
and relatively Hat, and it is frequently intpressctl 
with a senes of radial and ramifying ridges fomiing 
an elaborate and symnietncal pattern over the 
cephalon and soinctinies the rest of die body. These 
caecae seem to be moulded to the fonii of a tubular 
system originally lying below; either a circulatory or 
respiratory apparatus (lell, 1978), or the diverticube 
of a complex subcephalic set of digestive organs 
(Opik. I960). These ndges have been referred to as 
alimentary prosopon and seem to have been con¬ 
nected with the oesophagus (Fig. 11.4a.b). 

Nutrients digested in the gut could presuniabl)' 
be passed directly to the other parts of the body by 
means of this .system; alternatively, and more proba¬ 
bly, they may have functioned as auxiUary respira¬ 
tory stmetures. However, it is very rare to find 
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(a) Radtichia 



Figure 11.4 Cuticular sculpturing: (a) Redlichia (L Com.), oli- 
mwitary prosopon (in block); (b) Crucicephatus (U. Com.) show¬ 
ing peculior culiculor sculpturing and ocular ridges (x 6). [(a) 
Redrawn from C^ik, 1960; (b) rwrawn from Shergold, 1971.] 


alimentary prosopon in post-Cambrian trilobites, m 
which the shell is generally much thicker. 
Presumably the internal organs, of which the proso¬ 
pon is the external impression, are still there but 
located farther below the cuticle and no longer par¬ 
tially within it. Likewise, the transverse ocular 
ridges that are normal in Cambrian trilobites, link¬ 
ing the eye with the glabella (and incidentally usu¬ 
ally carrying two prosopon caecac), arc rarely 
present in post-Cambrian trilobites. The presence of 
such caecae usually suggests that an unknown tnlo- 
bitc is of Cambrian age, and the sculptural patterns 
have been found useful in taxonomy. 

Cephalon 

Most trilobite cephala have the form of semicircular 
plates with well-defined stnictures, as represented in 
Acasle. There are some, however, in which the fur¬ 
rows limiting the different structures are all but 
effaced, so that the various parts are very indistinctly 
defined, e.g. Triiiimis. [^articular organs — the glabella, 
facial sutures, eyes, hypostome and certain special¬ 
ized characters - merit fiirther attention. 


(•) 




d 11.5 (a) Frontal view of Phacops rana (Dev.) with cuti- 
de removed, showing irnpressions, possibly musculw, on the 
1,1 wdedying matrix (x1.5); (b) reconstruction or cephalon in lateral 
1 liew, showing possible arrangement of internal organs with 
■kAiinach supported by muscles (block) and mouth opening 
I Wind hypostome. [(a) Redrawn from Eldredge, 1972a; (b) moef 
1 ilied from Eldredge, 1972a.J 


Glabella 

The shape, size and structure of the glabella are 
widely vari.iblc. Glabellae may or may not reach the 
anterior border; in some cases they may be greatly 
swollen, have lateral lobes, be entire or indented 
with up to five pairs of glabellar fiirrows, as in the 
examples shown in Fig. 11 .6. The stomach probably 
lay below the glabella and above the hypostome, 
and its size, and hence the size of the glabella, was 
probably related to the trilobitc's diet. Some sym¬ 
metrical indentations on the glabella of certain trilo¬ 
bites |c.g. Chasmop.c, where they are arranged in a 
V-shaped pattern, and Phacops (Fig. 11.5a), in which 
they form a pair of subcircular patches] have been 
said to be the scars of suspensory ligaments or 
muscles holding the stomach in place .and allowing 
it to c.xpand and contract. 

A reconstruction by Eldredge (1972a; Fig. 11.5b) 
has shown how these might have been arranged. 

Cephalic sutures (Fig. 11.6) 

The cephalic sutures, which arc unique amongst 
arthropods, include the facial sutures and ventral 
cephalic sutures which are sometimes present. 
The facial sutures arc of three nuiin kinds: propar- 
ian (Fig. 11.6hJ), where the posterior branch passes 
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(a) Holmia 


(b) Xystridura 


(I) Encrinurus 


(c) Redlichia 


(d) Paradoxides 


(f) Ptychoparia 


(e) Niobe 


(m) Hypodicranotus 


(g) Calymene 


(h) Lygdozoon 


(j) Paladin 


(k) Deiphon 


(n) Phillipsinella 

Figure 11.6 Dorsal and ventral views of the cephala of various Irilobites, showing relationship of hypostome to cephalon, and 
course of sutures. The maximum number of ventral sutures is shown in (g) (Calymene), where connective sutures (c), hypostomol suture 
(h) and rostral suture (r) enclose the rostral plate (rp). (a) Holmia (L. Cam.); (b) Xystridura (L). Cam.); (c) R^lichia {L Cam.); |d) 
Paradoxides (M. Cam.); (e) Niobe (L Ord.); (f) Ptychoparia (U. Cam.); (g) Calymene (Ord.-Sil.j; |h) Lygdozoon (Sil.); Ij) Paladm 
(Carfa.); (k) Deiphon (Sil.); (m) Encrinurus (Sil.); (n) Hypodicranotus (Ord.); (o) Phillipsinella (Ord.). Rostral plate in black. (Main^ 
redrawn from Whittington, 1988a,b, and in Treatise on Invertebrate Paleontology, Part O, 1959.) 
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ill front of the genal angle or spine; opisthoparian 
(Fig. 1 l.f)b-d,k), in wliicli it cuts tlie postenor bor¬ 
der anterior to the genal angle; and marginal (Fig. 
11.10a-t,g), where it runs along the edge and is not 
visible on the dorsal surface. In one family, the 
Calynienidae, the facial suture is gonatoparian 
(Fig. 11.6) and runs directly through the genal 
angle. 

These mam sutural systems were believed to 
define natural groupings within the trilobites 
thoughout much of the nineteenth century and the 
first part of the twentieth century. They were origi¬ 
nally used as a primary' basis of classification, erect¬ 
ing orders: the Proparia (proparian and gonattrparian 
genera), tlie Opisthopana (opistliopanan genera) 
and the Hypoparia (marginal-sutured genera). This 
classification eventually came under severe criticism 
and was finally abandoned when it was appreciated 
that the Proparia and Hypoparia were both com¬ 
posed of very heterogeneous elements which had no 
close natund relationships. Stubblefield (1936), for 
instance, has pointed out that Hypoparia could not 
be a natural grouping, since marginal sutures had 
evidently been derived independently in several 
groups of tnlobites, the sutures becoming more 
marginal as the eyes were lost. There may be no 
pnmitively eyeless tnlobites, and all of the blind 
tnlobites (with the possible exception of the 
Cambrian agnostids) were derived from sighted 
ancestors. 

Recent classifications have used the whole com¬ 
plex of trilobite characters to divide the tnlobites 
into natural groupings, especially those of the axial 
region, and not merely a single character, however 
important it may appear to be. 

On the ventral side of the cephalon there may be 
several other sutures, especially where the facial 
sutures cross over the anterior border and continue 
across the doublure, (^alynwut’ (Fig. I 1.6g) is an 
example showing the maximum number of possible 
sutures. Here the facial sutures are continued and 
join with the lateral connective sutures (c) with 
which they may be homologous. An elongated ros¬ 
tral plate (rp) is isolated by these and by the ante¬ 
rior rostral suture (rs) and posterior hypostomal 
suture (h). This rostral plate is not present in all 
tnlobites, and its absence or reduction has given rise 
to much phylogenetic speculation. The morpholog¬ 
ical series here illustrated (based on Stubblefield. 
1936) suggests that it was onginally present as an 


important ventral structural component in early 
trilobites such as the olencllids and that in many later 
lines of descent it was reduced or lost by different 
evolutionary pathways. In nncrinimis (Fig. 11.61) the 
rostral plate is very small, and the two connective 
sutures are close together, whereas in Niobe (Fig. 

11.6e) the connective sutures are represented by a 
single median suture (m). In .dciiifc and its relatives 
there is no trace of a median suture, and the two lat¬ 
eral facial sutures unite around the front of the 
glabella so that the librigenae arc frised. 

Hypostome 

The hypostome may be large or small, short or long. 
It has proved of great value in classification. Usually 
it lies directly below the most convex p.irt of the 
glabella. The primitive condition for trilobite 
hypostonies seems to have been contemiinant 
(Fortey, 1990). Here, the hypostome is attached to 
the cephalic doublure and in shape closely corre¬ 
sponds with the outline of the front of the glabella. 
In the natant condition the hypostome was not 
attached to the cephalic doublure. Instead it lay on 
the ventral membrane, behind the cephalic dou¬ 
blure and separated from it by a gap. It may have 
been anchored by ligaments. Usually the anterior 
nurgin is the same shape as the front of the glabella. 
A third condition is an impendent hypostome. 

I lere the hypostome is attached to the doublure but 
Its shape bears little correspondence to that of the 
glabella. 

The natant condition is denved and is usually 
conservative. Some trilobites ongiiiating from a 
natant stock become sccondanly contcnninant or 
impendent. Rarely the hypostome projects back¬ 
wards beyond the cephalon. Hypostonies usually 
have a pair of lateral wings which may turn up 
inside the cephalon to rest close against its inner 
wall, so that the hypostome was fimily braced 
against the dorsal cxoskclcton. A limited degree of 
movement may have been possible with natant 
hypostonies (Whittington, 1988a,b, 1989). In some 
cases the hypostome is rigidly fixed, as is particularly 
evident in pMcrinuriis (Fig. 11.61), in which the lat¬ 
eral wings are pronounced though slender and deli¬ 
cately fonned, and which has a large, thrce-lobed 
impendent hypostome projecting forwards below a 
pronounced anterior arch. It is connected to the 
doublure by a V-shaped hypostomal suture, and is 
presumably immovable. Likewise in the case of 
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Niohc (Fig. 11.6e) and it.s relatives no movement was 
possible, since the anterior border of the hypostome 
is strongly curved and is let into the rear of the dou¬ 
blure. Thus the firdovician Hypotikranotiis (Fig. 

11.6m) has a very long hypostome extending almost 
to the pygidium and prolonged into a pair of long 
blades with a median space between. 

Eyes (Figs 11.7, 11.8) 

The eyes ot trilobites are the most ancient visual sys¬ 
tem known, and indeed they are the earliest of all 
well-developed sensoty systems. Their evolution 
can be followed through some 350 million years of 
geological time (Cllarkson, 1075, 1970). Tnlobite 
eyes are compound, and like the lateral eyes of 
modern crustaceans and insects they were composed 
of radially arranged visual units pointing in diftcrent 
directions and often encomp.issing a wide-angled 
visual field. 

Though compound eyes are typical of arthro¬ 
pods, they have evolved from separate beginnings in 
a number of arthropod stocks; and though the eyes 
of trilobites are analogous to those of modern 
arthropods, they are not necessarily homologous. In 
most modern arthropods the visual units are the 
onimatidia (Fig. 11.Sf), each being a cylinder of 
cells with the photosensitive elements (rhabdom) 
located deep within it. Each omniatidium is capped 
by a comeal lens, underlying which is a subsidiary 
dioptric apparatus (the crystalline cone). The lens 
and cone together focus light on the rhabdom. The 
rhabdom consists of a cylinder of stacked plates. 


each made of parallel microvilli. Alternate plates 
have their blocks of tubules ammged at right angles 
to one another. These tubules .are the site of the 
photoreceptive pigments whose chemical alteration 
by light triggers an electrical discharge in the 
ommatidial nerves. The ner\'e impulses are 
processed in a complex optic ganglion deep below 
the onunatidia, and some kind of integrated image is 
produced from the mosaic effect of light coming 
down individual and separate onimatidia. How 
‘good’ the arthropod eye is in contrast wath its ver¬ 
tebrate counterpart is very hard to assess, for the two 
are different kinds of eyes perfonning basically dif¬ 
ferent functions. 

The eyes of trilobites may also have had sublcnsar 
onimatidia, though this may not have been the case 
in all. Little evidence of internal structure survives. 
The lenses .done arc preserved because they, like the 
cuticle, were constructed of calcite. 

Most trilobite eyes are holochroal (Fig. 11.7a), 
having many round or polygonal lenses whose edges 
arc all in contact and which arc covered by a single 
comeal membrane: the equivalent of the outer 
cuticular layer with which it is laterally continuous, 
Holochroal eyes are the most ancient kind of eye in 
trilobites; they arc found in the earliest Cambnan 
trilobites and persist until the final extinction of 
trilobites in the late Ecnnian. 

The oldest well-preserved eyes arc known in 
Lower Cambnan eodiscids from China (Zhang and 
Clarkson, 1000). These are highly organized, though 
a somewhat irregular lens-packing system suggests 



^une 11.7 (a) Holochroal eye of Paralejurvs brongniarti (Dev.), Bohemia, Dvorce-Prokop Limestone (x 8|; (b) schizochrool eyed 
Phacops rana (Dev ), Silica Shale, Ohio (x 18); (c) Acernaspis (Eskaspis) suffeiia (Sil.), Pentland Hills, near Edinburgh, ScotW 
(x 2.5) 
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Figure 11.8 Trilobite eyes: (a) Acaste downingiae, lateral and dorsal views of schizochroal eye (x 7.5); (b), (c) lenses of Dalmanitina 
ncialis (Ord.) and Crozonaspis shvvei with (shoded) intralensar bowl, conforming to idrol correcting lenses of Descartes ond 
fbjigens, respectively — models with a small refractive index difference between bowl and upper unit focus light sharply; (d) passage 
of light rays through prismatic lenses of Asaphus (L. Ord.); (e) Sphaerophthalmus (U. Com.), an olenid; (f) internal organization ora 
modern orthropod eye; (g) Ormathops eye (L. Ond.) preserved as an internal mould, and showing irregular disposition of identical 
lenses (x 7.5); (h) visual held of Acaste downingiae eye with individual lens-axis bearings plotted on a Lambert equal area net; (j) 
ponoramic visual field of Bojosculellum, only bearings of peripheral lenses plotted. [|a) R^rawn from Clarkson, 1966; (b), (c) bas^ 
on Clarkson ond Levi-Setti, 1975; (f) redrawn from Snodgrass in Treatise on Invertebrate Paleontology, Part O; |g) redrawn from 
Qorkson, 1971; (h) redrawn from Clarkson, 1966; |j) redrawn from Clarkson, 1975,] 


that the separate developmental programmes for 
jftowth of the eye and emplacement of the lenses 

[ were not fully coordinated and sometimes got out 
ot phase. In general, the eyes of C^imbrian trilobites 
ire poorly known, because in the majority the 
whole visual surface is encircled by an ocular 
Vtute, so that the visual surtace ilropped out after 
.[tlcath or dunng moulting. This system w’as aban- 
yoned in most post-Cambrian groups, probably 
wrough paedomorphosis, and the visual surface was 


thereafter welded to the librigena, the only .suture 
then running along the top of the eye as the palpe¬ 
bral suture, which forms part of the dorsal faci.il 
suture. The post-Cambrian radiation of holochroal 
trilobite eyes was substantial. The visual surface may 
be small or large, even hypertrophied in some 
groups, and encompasses a variable angular range. 

Lenses in Cambrian trilobites, where found, are 
.ill thin and biconvex (Fig. 11.8e), but in some of 
the Ordovician groups, especially those with thick 
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cuticles (Fig. II.Sd), tlie ‘lenses' have the form of 
long prisms with a flattish outer surface and a hemi¬ 
spherical inner end; such lenses have, however, a 
similar focal length to those that are bicoiive.x. Each 
lens is a single crystal of calciie, which being highly 
biretringent does not at first sight seem to be a very 
suitable material for a dioptric apparatus. However, 
all the lenses arc arranged with their c axes normal to 
the visual surt'ace, so light travelling parallel with the 
axis is not broken into two rays but continues unal¬ 
tered to the rliabdom. Oblique rays may have been 
screened out by pigment cylindei-s below the lens, as 
in modem arthropod eyes, to which holochroal eyes 
seem to bear a fair structural and functional resem¬ 
blance. 

On the other hand, schizochroal eyes (Figs 
11.7b, II.Sa-c,g), which are confined to Suborder 
I’hacopina (Oril.-Dev.), h.ive no known modem 
counterparts; they are a unique visual system unlike 
anything else in the .mimal kingdom (Horvath et al., 
l‘>‘>7). In schizochroal eyes, such as those of .dcti.sfc, 
the lenses are large and separated ffom each other by 
an interstitial material (sclera) of the same stmctiirc 
as the rest of the cuticle. Each lens has its own 
comeal covering, which plunges through the sclera 
and internally probably terminates in a sublensar 
conical structure, which is rarely preserved. 

The structure ot the lenses is most interesting. 
Whereas holochroal ey'cs have lenses ranging in 
diameter frcnii 30 to 2110 mm, though most are less 
than 100 mm, schizochroal lenses are usually much 
larger, being in the range 120-750 mm. They .ire 
usually steeply biconvex and ot compound struc¬ 
ture. Within each lens is a bowl-like unit, separated 
from the upper part of the lens by a wavy surface 
which has been shown in various genera to be simi¬ 
lar in shape to the surface of aplanatic correcting 
lenses, as designed by Huygens (Fig. II.Sc) and 
Descartes (Fig. 11.8b). Experimental models 
(Clarkson and Levi-Setti, 1975) have shown that a 
slight difference in refractive index between the ori¬ 
ented calcite ot the upper unit and the bowl would 
operate together with the correcting surface to pro¬ 
duce a sharji anastigmatic focus. In addition, the 
bowl appears to increase transmissivity of light to 
the photoreceptors; indeed the whole system is fully 
bio-optimized for maximal efficiency, even dunng 
the stages after moulting (Horv'ath and Clarkson, 
1993) 

The lenses ot l^luuops are ultrastructurally very 


complex (Clarkson, 1979; Miller and Clarkson. 
198(1). Electron micrography shows that the bowl 
consists of dense calcite whereas the upper unit is 
built of calcite sheets arranged radially round the c 
axis of the lens. Each ot these sheets in turn consists 
ot a palisade ot c.alcite fibres parallel with the axis in 
the lower part hut turning outwards, fanwise, near 
the outer surface of the lens. This may have ninii- 
mized the effects ot birefringence. A central core 
found in Phacops may, as Campbell (1975a, 1977) 
ncited, also have some correcting function. After 
eedysis the lens is re-formed in stages, the bowl 
being added last of all. 

Schizochroal lenses, in spite of being made of cal¬ 
cite, were corrected against astigmatism and possibly 
also against undue birefringent effects from oblique 
rays. But why were they so barge and of such liigli 
optical quality? It is generally believed (Campbell. 
1975a; Fordyce and Cronin, 1989) that rather than 
an ommatidiiim lying below each lens, there was j 
relatively short ‘ocellar capsule’, floored by a Hat 
layer of narrow cells. Schizochroal eyes arc thus 
considered as an assemblage of simple eyes of high 
resolving power and w'ith overlapping visual fields. 
Such eyes (Stockton and Cowen, 197(>) may have 
been capable of using adjacent lenses for stereo¬ 
scopic vision through 369°. They would have been 
particularly useful in nocturnal animals whose large 
lenses enabled them to sec in the dim light. These 
highly specialized visual organs arc quite different 
from those ol any modern compound eyes, and 
their design may have offered unique potential for 
the analysis of colour, form and depth. 

Schizochroal eyes originated from holochroal 
ones, probably by paedomorphosis, since larval eyes 
of holochroal-eyed trilobites are in many ways like 
tiny schizochro.al eyes. The earliest schizochroal 
genus {Onnatliops-, Fig. 11.8g) had a rather haphaz¬ 
ard and irregular system ot lens packing, which arose 
from the geometrical constraints of packing lenses of 
identical size on a curving visual surtace (Cllarkson. 
1975). In later derivatives of Onnatliops regular 
packing was achieved by graduating the lens size. 
Despite the elegance of the eyes of trilobites, •sec¬ 
ondary blindness is quite common (Fortey and 
Owens, 1990.i) and charactenstic of major taxa such 
.as the Agnostida and Trinucleida. In other trilobitc 
groups the loss of the eye is probably related to the 
adoption of a dark environment or infaunal habitat. 
Progressive eye reduction has been shown in two 
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successive line.ij^es Upper nevoiiian tropidoco- 
ryphine tnlobitcs in southern hrance (Feist and 
Clarkson, and contemporaneously in pha- 

copids (Feist. 149]). Such unidirectional evolution, 
involving the adoption ot an cndohenthic habit, is 
an adaptive response to constant and persistent envi¬ 
ronmental influences. 

Cephalic fringes (Figs 11.9, 11.10) 

In Family Triniicleidae (Ord.) and Family Hagndae 
(Suborder Flarpina; C^rd.—I )ev'.) the antero-Literal 
cephalic border is developed into an extensive pitted 
fringe, the suture has become marginal and the eyes 
ver\ reduted or absent. Two kinds of tringe 
were independently ev’olved ami are dissnnilar in 
appearance. In a few other trilobite groups the ante- 
nor border may be pitted, though never in the same 
way nor so extensively; yet other trilobites possess 
expanded anterior flanges though without the pits. 



figure /1. P Trelaspis ceriodes angelina (Ord.), Norway (x 5): 
jgper lamella of c^halon in dorsal and frontal lateral views. 
(Photographs reproduced by courtesy of Dr Alan Owen.) 


Cephalic morphology and fringe of trinucleids 

(Fig. ll.lOa-f) 

The cephalic features of the Ordovician Family 
rrintiilcidae are unic]tie. In tnnucleids the glabella is 
usually highly convex, has shallow glabellar furrows 
and is bounded by broad axial furrows. Lateral to 
the glabella are the quadrant-shaped gcnal lobes, 
which may range from gently swollen to greatly 
inflated and arc devoid of eyes and sutures, in 
Iretaspis and Recdolitlius there are small nodes set on 
the genal lobes. Each of these is a dome-shaped thin 
area of the test, though lens-like structures have 
been reported at the summit of the dome (Stormer, 
1930). Rarely, ocular ridges may link the eyes with 
the glabella. In all trinucleids the genal spines are 
very long and tenmnate well behind the short body, 
which has only six thoracic segments and a short tri¬ 
angular pygidium. 

1 he fringe is a bilamellar structure in which the 
two lamellar counteqiarts are separated by a mar¬ 
ginal suture, which becomes dorsal only where the 
genal spines .join the cephalon. The upper lamella is 
thus contiguous with the genal lobes, whereas the 
lower has the genal spines attached. A series of fun¬ 
nel-shaped fringe pits indent both lamellae, each 
dorsal pit located directly above an inverted ventral 
countei-part, so that the whole structure is really a 
hollow pillar. The floor of each pit (the ceiling in 
the case ot the ventral ones) is formed by a terminal 
disc or nozzle with a minute central perforation, 
and at the suture which nins between them the two 
counterpart terminal discs are juxtaposed. The space 
between the upper and lower lamellae opens to the 
lower side of the cephalon by a pair or series of ven¬ 
tral perforations. There must have been communi¬ 
cation between the fringe cavity and the body 
cavity; probably part of the digestive or circulatory 
system was housed therein. 

Some of the early trinucleids have an almost flat 
tringe with poorly ordered and irregular fringe pits. 
In later stocks, however, the fringe pits became 
ordered into a synunetrical pattern of ordered arcs, 
concentric with the antero-lateral border, intersect¬ 
ing vvdth radial rows. Some small irregular ‘F-pits’ 
arc found in small patches lateral to the genal 
lobes in the genera .Marrolitlms and Cr)'ptolitUus. The 
homologies of the arcs in various trinuclcid genera, 
which is essential in ta.xononiy and identification, 
can be assessed with reference to a thickened ventral 
ndge - the girder (Fig. 11.1 Oc) - conceninc with 
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Figure tlW Crahalic fringes: (a), (b|, (c) Cryplolithus (Ord.) in lateral, dorsal and ventral views (x 2); (d), (e| reconstruction of the 
brim in Botroides loveolatus and 6. bronni; (f) Orometopus (Tremodocian), a possible trinucleid ancestor (x 4.5); (g) Harpes (Dev.) in 
dorsal and lateral view (x 1); (h) reconstructed section through brim and cheek showing perforations and thickenM marginal band, 
((a), (b) Redrawn from Whittington in Treatise art Invertebrate Paleontology, Port O; (c) redrawn from Hughes el a!., 1975; (d) modi¬ 
fied from Stormer, 1930; (f), (g) redrawn from Whittington, as above.) 


the border and now known to be homologous in all 
trinucleids. Arcs external to the girder are numbered 
El, E2, . . while internal arcs are 11, 12, . . . . The 
development of pseudogirders concentric with the 
main girder in some genera has conflised taxonomy 
in the past, but as the homologies are now clear the 
identification of species in this most stratigraphically 
important group, though time consuming, no 
longer presents the problems it once held (Hughes el 
ai, 1975). 

How did trinucleids live, and what was the fringe 
for? Ventral appendages known in Cryplolithus have 
very long filamentous gills and stout walking legs. 
Trace fossils made by trinucleids show that these 


trilobites could use their legs to excavate shallow 
burrows, in which imprints of the fringe, genal 
spines and appendage scratch marks are often visible. 
Evidently trinucleids sat in their burrows with the 
head down (Campbell, 1975b). Some series of 
superposed burrows made by the one animal while 
shifting position show that during such movement 
the cephalon always faced in the same general direc¬ 
tion. It was probably rhcotactically oriented to the 
current in the only stable position; lateral currents 
would have overturned it. Hence the fringe may be 
interpreted as a sensory organ, each pit having sen¬ 
sory hairs at its base which were responsive to 
changes in current direction and so enabled the am- 
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I mal to keep its head to the current. This may not, 
however, have been the sole function. Other sug¬ 
gestions made include the possibility that the fringe 
was some kind of filter, but this is unlikely because 
the pronounced anterior arch would let in currents 
below and because the tiny holes in the tcnninal 
discs (or nozzles) are not likely to have acted as fil¬ 
ters. Our understanding of the trinucleid fringe and 
its functions must proceed, as in all cases of this 
bnd, by extremely detailed morphological analysis 
coupled with a stratigraphical perspective of the 
range and development through time of the various 
modifications of the basic structural theme. 

Harpid fringe (Fig. 11.10g,h) 

The hinge ot trilobites of Suborder Harpina, unlike 
that ot tnnucleids, is Hat and prolonged backwards 
into a pair ot curving horns rather than genal spines. 
Furthcmiore, the distribution of pits on its surface is 
highly irregular, and the pits themselves are rather 
small and are found on the genal regions as well as on 
the fnnge. Some genera have a small tnangular ante- 
nor arch, but generally the liinge is Hat all the way 
miind. The fringe is bilaminar, with two closely jux- 
J taposed laminae, and the pits, w'hich in section have 
the fomi of opposed vertical ftinnels, perforate right 
through It. There is a pronounced marginal band, 
jupplied with many sensillae, round the e.xtcnial 
penphery of the fringe. Har}ws and its allies could 
enroll, having a pronounced Hexure of the thorax in 
the R'gioti of the first few thoracic segments (dis- 
coidal enrollment). It may have been a sedentaiy' am- 
mal. using the brim to spread the weight of the body 
like a snowshoe. The pits undoubtedly hghtened the 
body, but such an elaborate structure may have had 
mure than one function. 

Enrollmenl and coaptative structures 
The enrollment system exhibited by Acaste is very 
icomitioii in post-Cambrian trilobites .and is known 
n spheroidal enrollment. More rarely, trilobites 
nuy roll up by tucking the pygidinm and last few 
j4otacic segments under the cephalon, this being 
y double enrollment; and in harpids and trimiclcids 
(Acre is discoidal enrollment in which only the 
t'liw few thoracic segments bend, the rest being held 
' u 1 flat laminar plate. 

' Canibnan trilobites, with the exception of the 
)i»pygous agnostids, had poor facilities for cnroll- 
Hlucnt. Some, c.g. the olenellids, w'cre prevented 


from doing more than curl up in a half-sphere 
because the distal free edges of the pleurae then 
came m contact. Such arching of the body, how¬ 
ever, was an essential prerequisite for moulting, for 
only in this position, and after opening of the 
cephalic sutures, could the newly moulted tnlobite 
crawl out anteriorly (Whittington, IWO). While 
such parti.al coiling was necessary for exuviation, the 
structures which allowed this were useftilly pre¬ 
adapted for the development of tnie enrollment. 
Some Cambrian trilobites were able to coil in a 
loose spiral, while in others from the latest 
Cambrian (Stitt, 1983) proper enrollment was fully 
achieved. Many C^rdovician and later groups, how¬ 
ever, developed an elaborate enrollment system, 
articulating facets being particularly well developed 
in Order Phacopida, to which Acasic belongs. In 
addition, w'ithin this order there are many difterent 
kinds of‘tooth-and-socket’ structures, seemingly of 
quite independent origin, w'hich arc found on the 
cephalic and pygidial doublure and help to ‘lock’ the 
rollcd-up sphere together. These are known as 
coaptative structures (Clarkson and Henry, 1973; 
Henry, 1980; Hamniann, 1983), and though partic¬ 
ularly well developed in the Fhacopina they are pre¬ 
sent also m tnnucleids, c.alymcnids and asaphids. 

Among phacopids Acaste has no real tooth-and- 
socket structures, though the cephalon and pygid- 
iuin are the same shape and the opposing doublurcs 
fit together neatly. In the related Upper Ordovician 
Kloiicckia, a single median projection in the cephalic 
doublure interlocks with a corresponding excava¬ 
tion in the pygidial doublure. Moraatia (Fig. 11.1 I g) 
has a series of lateral sockets for the reception of the 
pleural tips of the thoracic segments and the first 
pygidial segment. 

In Phacops a deep marginal groove (the vincular 
furrow) is often present on the cephalic doublure. 
1 he edge of the pygidium fits uito this, and the tho¬ 
racic segments come to rest in extensions of the vin¬ 
cular furrow divided into individual lateral pockets. 
Such lateral pockets may still be present even when 
the median part of the vincular furrow' is absent, as 
in Hskaspis (Fig. ll.llh). Morphological diHerenccs 
such as these are of some taxonomic value. 
Techniques of enrollment have been fully explored 
by Bruton and Haas (1997) in Devonian phacopids 
by serial sectioning. Other examples of quite differ- 
ent mechanisms arc shown by Emrititinis, and in the 
cheinirid Placoparia another stratigraphically docu- 
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Figure 1111 (a| Selenopeltis macrophtalma (Ord.), an odontopleurid (xl); (b), (c) Leonaspis deflexa (Sil,|, in two alternative life 

attitudes tor reslina and swimming or browsing; (d| Dudleyaspis (Sil.) cephalon in side view, attitude equivalent to (c|; (e) Cybehidei 
jOr^l in life attitude, lateral view, showing the body suprarted on long macropleural spines on the sixth thoracic segment; (f) Proelui 
in life attitude, lateral view, showing high carrioge of the body; (g) Morgatia cephalon from below, showing press-studs (vinculor 
notches) for the reception of thoracic pleurae ana with the pygidium in place (x 4); (h) Acernasp/s (Eskaspisj cephalic doublure with 
vinculor furrow and vinculor notches (x 7,5). [(a) Redrawn from Hammann and Rabano, 1987; (t), (c) redrawn from Clarkson, 1969; 
(g) redrawn from Henry and Nion, 1970; (h) redrawn from Clarkson et ai, 1977.] 


mented senes shows a progrcs,sivc increase in the 
number of depressions on the dors;il surface of the 
cephalic anterior border. When enrolled, the 
pygidial spines rested in these like clutching fingers 
(Henry and Clarkson, 1975). 

Some other trilobite groups (e.g. the Froetida and 
Agnostida) appear to have been well adapted for 
enrollment, but only the Fhacopida and Calymenida 
reached the summit of enrollment ability. 

Enrollment stnictures in some dalmanitid trilo- 
bites have been portrayed by Campbell (1977). In 
these the pygidium does not form a tight seal with 
the cephalon but projects forward of it, leaving a tri¬ 


angular gap between the antenor margin of the 
cephalon and the pygidial doublure. In some genera 
forwardly projecting spines or rows of denticles on 
the cephalon partially cover this open space but 
leave symmetrical gaps, which presumably allowed 
some degree of water circulation in the enrolled 
animal. Enrollment stnictures may well be vciy 
important in classification. 

Thorax 

Most trilobites are ‘polymerids’, that is, they have 
several thoracic segments. In the agnostids, how¬ 
ever, there are only two, and in the eodiscids two 
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I ir three thoracic segineiits: this is the ‘niioinerid’ 
onditioii. 

The axis of the thorax in most tnlobites ls about 
s broad as the occipital nng. These axial rings with 
bar half-rings and apodemcs are of fairly standard 
onstruction throughout the trilobitcs, though there 
rc differences in the length of the apodemes, the 
all-rings arc sometimes absent, and surface sculp- 
ire and spinosity are variable. Certain phacopid 
ciiera from the Devonian of South America - a 
•gioii long isolated so that a rich endemic fauna of 
ilobites developed from .dcMfc-Iike ancestors - 
rpeatedly dcvelopeil dorsal spines of a particular 
rect construction, sometimes singly, sometimes 
ae tor each segment of the thorax and on the 
ccipital ring and pygidium as well. 

The pleura tend to be rather flat in some 
ambrian genera, though not in all, but they are 
ten arched or bent down distalJy in the later 
•oups and arc normally marked with a pleural fur- 
ivv or less often with a ridge. Usually the proximal 
irts of the pleura have parallel edges against which 
c edges of adjacent pleura can hinge; the distal 
ns do not touch and are free. The junction 
tvseen the free and hinged parts is the fulcrum, at 
bith the pleura are often sharply downtumed. 
itnbnan genera have a simple articulating hinge 
tteture ill which contiguous pleural edges alone 
. used for articulation. Specialized hinge structures 
il articulating pleural facets did not appear until 
Upper Cambrian; many of these seem to be 
ociated with enrollment ability. The pleural dou- 
irc may be wide or narrow and is often orna- 
riitcd with terrace ndges. Also to be found in 
st-Cambrian stocks, notably Family Asaphidae, 
small protuberances on the inner frees of the 
iracic doublures, which presumably acted as stops 
“venting overgliding of the pleura as they came to 
[ during enrollment. I hese are the organs of 
nder, tliey are not to be confused with paiidcr- 
jian openings which, though similarly located, 

1 probably were the orifices ot some kind of seg¬ 
mented and possibly excretory organs. 

The most highly modified pleura of all are to be 
fcund in Family Cheiruridae (Ord.-Dcv.) and 
Superfamily Odontopleuroidcs (C)rd.-Dev.; Figs 
11.1 la, 11,16). Ill the former the distal ends may be 
curiously pointed, but the contiguous parallel edges 
ire equipped with interlocking ledges which pre- 
luniably facilitated highly eflicient hinge articula¬ 


tion. The Odontopleurida arc a very spiny group of 
trilobitcs, and each plcuron terminates in two 
spines. I he antc'rior pleural spsinc is nonnally verti¬ 
cal; the posterior one is horizontal and usually short. 
However, in modified odontopleurids (e.g. Cerato- 
ct-phala) the vertical spines are very long and, being 
equipped with many .secondary spines, virtually 
close off a subthoracic ‘box' from the external envi¬ 
ronment: a unique feature whose function is quite 
unknown. 

Pygidium 

The pygidium is a fused plate which in the Lower 
Cambrian olenellids may consist of just one seg¬ 
ment, but in later genera it consists of as many as 30 
segments. It articulates with the last thoracic seg¬ 
ment by means of an articulating half-ring, and if the 
thoracic segments have pleural facets, so does the 
pygidium. With the exception of the Agnostida 
most Cambrian trilobitcs have small (micropy- 
gous) pygidia, whilst post-Cambrian genera tend to 
have heteropygous (smaller than the cephalon) or 
isopygous (equal-sized) pygidia. Rarely pygidia 
can be macropygous (larger than the cephalon), as 
ill the Lichida. In Eitcniiiinis the number of axial 
segments is supcniumerary, probably through the 
division ot existing axial rings. 

In .ill pygidia the pleural furrows are homologous 
with the axial furrows, whilst the interpleural fur¬ 
rows are equivalent to the edges of the pleura; the 
ontogenetic reasons for this are discussed later. 

Appendages 

Flic limbs are known only in a few species of tnlo- 
bites .as these delicate structures did not preserve 
well. Appendages were first described in 1876 and 
have been reported, often in a very fragment.ary 
state, in about 20 species. They are well known and 
have been fully described in Olawida (Whittington, 
1^75) and Kootcuiii from the Middle C.nnbrian 
Hurgess Shale of British Columbia, and also in the 
pyntized Ordovician C^iyptoliihtts by Raymonil 
(1920) .and from enrolled specimens of the 
Ordovician Ccraiinis by Storiner (1939). The pyri- 
tized Lower Ordovician I'riarthnis and Devonian 
PIm-ops (Fig. 11.14) have yielded much detail 
through dissection and X-radiography. In all these 
the structure of trilobitc appendages shows remark¬ 
able constancy in that there is always first a pair of 
uniramous antennae located on either side of the 
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hypostonie, followed by paired biranious (two- 
branched) appendages, under the cephalon and one 
pair for eacli segment all the way down the body and 
also in the pygidium. These biranious appendages are 
almost identical to each other m all but size. The 
constancy of morphology here contrasts with that of 
the v.irious crustacean groups, where there is wide 
variation ev'en within the one genus. Yet within the 
trilobites whose appendages are known there is 
indeed some diversity, as will be shown. 

About 15 specimens of Oletioides stmitiis (Figs 
11.12, 11.13a-c) with limbs arc known from the 
Burgess Shale, and the appendages are preserved as a 
fine dark film, usually in place but sometimes 
detached. 

They .ire flattened and have a reflective surface so 
that many details can be captured on film, given liglit 
of suitable inclination. The antennae arc composed of 
many jointed rings, as are the cerci, which are poste¬ 
rior equivalents of the antennae. Like the antennae 
they almost certainly had a sensory function; they are 
provided with minute setal hairs. Beliind the anten¬ 
nae there arc three piiirs of biranious appendages 
Linder the cephalon, seven on the diorax and 
between four and sL\ on the pygidium. Each bira- 
mous appendage was apparently attached to an 
apodeme, and even where the appendages arc not 
preserved the number of cephalic apodemes will 
inchcate the relative number of cephalic appendages. 
The basal joint of the appendage (coxa) gives rise to 
two branches: one the walking leg and the other the 
gill branch. Such tenninology presupposes definite 
tiinctions, and probably the gill was used for functions 
odier than purely for respiration. However, other 
tenninology presupposes homologies, and though the 
tenn telopoditc is often used for the walking leg, the 
correct tenninology for the gill is not .agreed; for the 
moment the tcmi ‘gill branch' is retained, though 
outer ramus is a good alternative. 

The coxa is about half the length of the axial ring 
with which it is associated, and its inner margin is 
supplied with long sharp spines, straight and curved, 
between which arc numerous shorter spines. A pre¬ 
coxa. or initial segment other than the coxa, has 
been described but recent work does not seem to 
substantiate its presence. The walking leg is contin¬ 
ued in the direct line trom the coxa and consists of 
six jointed segments (podomeres). The proximal 
podomercs are very spiny on their inner surfaces, 
the more dist.il ones less so but with fine setae, and 



Figure 11.12 Olenoides serratus from Burgess Shale (M | 
Cam.), British Columbia: US National Museum no. 58589 
(Photograph reproduced by courtesy of Professor H.B. i 
Whittington.) 

the last podomere has three tenninal spines, l-rom 
the coxa there also projects the gill branch, lying 
above the leg branch and directed posteriorly. The 
individual gill branched overlap markedly. Each h.Ls 
two lobes: a long proximal lobe (three times at 
long as it is broad) and a shoner ovoid distal lobe, 

The former has a posterior fringe of long parallel fil- 
.iments diminishing in size towards the distal lobe, 
whereas the latter has no filaments and only a fringe 
of setae. An anterior marginal rim onginally 
described on the gill branch is now shown to have 
been a prescrvational artefact. 

Precisely how the coxa fitted on to the apodeme 
is uncertain; presumably the whole append.igc could ! 
rotate in a horizontal plane, but it is not kiiowm | 

whether it was capable of any dorso-vcntral or 
transverse movement. 

Before considering how the appeniiiges fiiiii- 
tioned, it seems appropriate to cover the range in 
fonn of known appendages. Kootenia appendages arc 
fairly similar to those of Olawides but are known only | 
from one specimen. Trianlmis is a Lower Ordoviaan 



antenna 


Triarthus 
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walking leg 


^coxa with attachment 


O/anoidas sarratus 


^hacops 


figure 11.13 TnlobiJe appendages, (a)-(c) Olenoides serrafus 
(M. Cam.), showing reconstructed appendages: (o) dorsal view 
with part of the exoskeleton removed, showing the oppendages 
in place and the gill branch lying above the leg; (b) section- |c) 
lateral view,-(d)-(f) Triarihrus eatoni (L. Ord.); (d) reconstrucHon 
with right side removed to show appendages; (e) frontal view of 
walking individual; (f) a detached appendage; (g) Phacops 
° terminal brush believed to have mode stellate 
markings on either side of a central groove; (h) Cerourus (Ord.): 
(h) limb in frontal view (above) and gill branch in dorsal view 
(below). f(a)-(c) Redrawn from Whittington, 1975- (d)-(f) 
redrawn from Whittington and Almond, 1987; (g) based on 
Seilocher, 1962; (h), (j) based on Stermer in Treatise on 
Invertebrate Paleontology, PartO.) 
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olcnid. Where found in rhe ‘Utica Slate’ (actually a 
black shale) ot New York State the appendages are 
pyritized. First discovered a century ago (e.g. 
Raymond, 1920), tlicy have been the subject also of 
recent investigations (Cisne, 1975, who used X-radi- 
ography; Whittington .and Almond, 19S7). The latter 
audiors’ reconstruction (Fig. 11.13d-t) shows anten¬ 
nae and three pairs of biramous ccph.ilic appendages 
umform with those of the thorax. The walking legs 
are spiny, with a co.xa and six podonacrcs. Each gill 
coiasists of filaments joined to a flexible, segmented, 
anterior rod, and the distal lobe is reduced and tiny. 
The appendages were steeply inclined below the 
exoskeleton and did not project much outside it. 

The use of soft X-rays has also been useful in inter¬ 
preting the appendage stnicture of Devonian Pluicops 
and AslcropY(i;c specimens from the North Gcnnan 
Hunsriickschiefer (Stiinner and Bergstrdm. 1973). 
These specimens of Pliacops (Figs 11.13g, 11.14) have 
stout walking legs with the usual six podomeres. 

There are three pairs of biramous appendages 
below the cephalon, the last two having strongly 
developed coxae prolonged internally and amied 
with spines. These could have functioned as 
gnathobases equivalent to those in some modem 
arthropods, and by rolling movements in a horizon¬ 
tal plane they may have been able to work as emsh- 
ing jaws. T here is one pair of appendages for each 
segment ot the thorax and there are also several 
small sets in the pygidium. The main diflcrence 
between the appendages of Plutiops and those of 
other trilobitcs is that the gill branch filaments 
emerge directly from the coxa and are transverse 
and subparallel with each other. The whole array of 
gill branch filaments forms a kind of slatted curtain 
lying dors,il to the walking legs, which may have 
had both a respiratory and a filtering function. Legs 
in the phacopid trilobitc R.lwnops have recently been 
reported (Bergstrom and Brassel, 1984). 

'Ihc Ordovnciaii cheirurid Ceraiinis (Fig. Il.l3h) 
has peculiar appendages, as shown by Stdnncr 
(1939), who made serial sections through enrolled 
specimens collected from a limestone of Trenton 
(U. Ord.) age. The branch structures were worked 
out from a wax model built up layer by l.iycr from 
these sections, as has been done with the graptolites 
(q.v.). The walking leg is relatively unmodified, but 
the gill branch has five segments increasing in size 
distally, the last of which forms a flat paddle-like 
lobe fringed with lilanieiits. These filaments are of 



Figure 11.14 Phacops, an X-radiograph of a slightly cnished 
specimen from the Lower Devonian Hunsriickschiefer, Germony, 
showing lightly pyritized gill and leg branches. (Photograph 
reproduced by courtesy of Professor Wilhelm Sturmer.) 

normal construction, i.e. elongated thin plates 
arranged subparallel with erne another and having 
each a terminal bristle. 

The diversity of fonn in the gill branch implies 
some dift'ereuces in function. It is generally accepted 
that the gill branch did in fact function for respira¬ 
tory exchange, though Bergstrttm (1973) ha.s 
pointed out that since they are relatively hard struc¬ 
tures they could have functioned merely as aerators, 
to agitate the water while the animal was moving 
and so to feed more oxygen to the gills, which he 
imagined as soft structures attached to the ventral 
membrane. The paddle-like gill branches of 
Ceraurtis and Olciwidvs could probably have facili¬ 
tated swimming, but there is no direct evidence is 
to how wcU trilobites could swim, and the question 
remains open. There is. however, good evidence is 
to how the w'alking legs operated, and the detailed 
study of these has yielded a surprising amount of 
infonnation about trilobitc behaviour. 


Trilobite tracks and trails 

Early in the history of palaeontology elongated trail- 
like markings were described from many dift’ercnt 
sedimentary rocks of Palaeozoic age. The common¬ 
est kind, first called Cniziaita (Fig. 11.15a) and later 
reterred to by several authors as ‘bilobites', are rib¬ 
bon-like markings with paired oblique chevron 
structures. 
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Dimorphichnit^s 


11.15 Trilobites as trail makers: (a) intersecting Cruziana trails showing how a 'ploughing' trilobite could have mode them 
Jpushing bockwards with its legs - the lateral striations on one trail could resdt from the gilf branches moving across the surfaces 
jwalso Fig. 12.12a); (b) Rus opnycvs from the Cambrian of Polond, showing resting marks of coxa, ar>d pushing marks made by 
“mdoges as the trilobite puKecI itself sideways out of its burrow; (c) trilobite in a shallow burrow; (d) leg marks preserved in a 
phycus: (e) directions of movement of the legs; (f) a burrow made by anterior and posterior legs moving in different directions; 
jjtrminology of o set of walking marks; (h) Trachomatichniles, a trilobite (trinucleid?) walking traM in which individual sets can be 
guished, (i) Asapholdichnites, sideways movement marks mode by a large (asaphid?) trilobite, possibly Isolelus; (k) recon¬ 
ed ventral view showing how Dimorphichnites was mode by a sideways-crowing trilobite. ((c)Hf) Redrawn from Seilacher, 
redrawn from Osgood, 1970; (k) redrawn from Seilacher, 1955.] 
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They were first believed to be of algal origin. 
However, Nathorst (1881) called attention to the 
fact that ’bilobitcs’ always occurred at the interfaces 
of sandy and shaly layers in the rock. This, he pre¬ 
sumed, W. 1 S more likely to have been the result of a 
moving animal crawling over or rather ploughing 
through a firm muddy sea floor, leaving marks 
which had been filled with sand soon after, the dif¬ 
ference in sediment t>pe being responsible for their 
presers'ation. Not infrequently Cniziiinn markings 
are cut across by other and presumably later trails 
made by the same kind of animals, confinning the 
mobile amnial hypothesis. Other kinds of markings 
existing on shale—sandstone interfaces could also 
have been made by moving animals. 

It IS generally believed that Cnizhuia markings 
were made by trilobites, though Whittington (1980) 
has criticized previous interpretations, and suggests 
that they were more likely to have been made by 
some other organism. 

I'herc is little direct evidence that these and other 
kinds of markings were actually made by any one 
t) pe of orgaiusin, since trace fossils of any kind are 
rarely found with body fossils. Clalcificd shells are not 
nomially retained by the penneable sandstones in 
which the trace lossils occur. However, a few speci¬ 
mens ot intact trilobites have been found in the 
Ordovncian of Cincinnati (Osgood, 1970), where 
Ciilymaic specimens with intact cuticles have been 
found in their resting excavations (called Rtisopltyais). 
Other enteria for attribtitmg particular trace fossils to 
tnobitc movements are indirect, though conipellitig. 
Thus Cambrian and Cirdovician Cniziaiui are numer¬ 
ous ,md diverse, whereas the generally poorer Siluro- 
Devcmian Criizunui fauna reflects the decline of the 
trilobites. Although trilobites are not found in 
Cniziaiiii-bearing sandstones, they may occur in 
intcrc.ilated beds ot the same sedimentar\" sequence, 
as in the Cirdovician of Poland and the Devonian of 
Gennany. Most Cnuiaiui and other similar inarkmgs 
were clearly made by ‘legs’ of tmifonn and imdifler- 
entiated stnicture, such .is arc possessed by trilobites, 
and sometimes the ‘prod marks’ made by walking legs 
can be matched with the actual known stnicture of 
the distal part ot the leg. Furthennore, the common 
bilobed and noniially ovoid trace fossils known as 
Riisopltyais are just the nght size to have been made 
by trilobites, and sometimes indentations caused by 
die impression of a ceph.ilon, genal spines or lateral 
parts ot the body resting in the sediment are preserved 


in association with the Rii^ophyctts marks (Fig. 
11.15b). 

Walking movement in arthropods 
111 all crawling arthropods the movement of the 
limbs relative to one another takes place in the same 
general way. Leg movements on each side of the 
body are synchronized in regular waves of forward 
movcnicnt, known as nictachronal rhythm. Each 
leg conies forwards in turn, is placed on the ground 
and pushes backwards, helping to support and move 
the body in the process behind. At any one time a 
leg will be slightly the one in front of it in its for¬ 
ward movement, so that in a long-bodied arthropod 
(c.g. a centipede) successive waves of motion may 
be seen travelling up the body from the tail to the 
head. As the waves of movement sweep forwards, 
every tenth leg or so is in approximately the same 
position and at the same angle. Even in short-bodied 
arthropods (e.g. woodlice) the pattern of movement 
is clear, and the waves of iiiovement always travel 
forwards along the body. This was evidently the 
case in trilobites, and the walking marks especially 
may be interpreted on this basis. 

Different kinds of trilobite trails 
The various soits of trace fossils believed to have 
been made by trilobites arc classified according to 
the binomial system of nomenclature. The retention 
ot Linnaean practice for such foirn genera and 
form species is unavoidable, since it is very rare 
that a particular trace fossil can be directly related to 
a known producer, and even when it can, both the 
trail and the body fossil retain their own names. Of 
the various form genera that have been attributed to 
the life activities of trilobites some of the most 
important arc 

Rrotichiiitcs, TradwmaUcUnites: walking or stnding 
trails with individual leg impressions (Fig. 
ll.lSh); 

Dipliciniites, Petalulwites, Asaphoitiichiius: as above 
but usually oblique (Fig. 11.1.5J); 

Cmziaiut: bilobed chevron-marked mails vvhith 
are the traces ot crawling, loughing, shovelling nr 
burrowing movements (Fig. 1 l.lSa); 

Rusophyais: bilobed ovoid traces which are prob¬ 
ably resting nests, burrows or surface excavation! 
(Fig. 11.1.5b-f). 
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These niovcnicnt trails would be generally classified 
as Repichnia (crawling traces) and R.it.copliycus as 
Cubichnia (resting traces), according to the taxo¬ 
nomic scheme of Seilacher (Chapter 12). A single 
irilobite could well have made dificrent kinds of 
marking, depending on exactly what it was doing. 

Though tnlobites often walked straight ahead, 
tficy frequently progressed obliquely or even side¬ 
ways like a crab. In the case of forward movement, 
as represented by the tracks of Protichuitvs and 
Tmcliomatidinites, the pygidial append.iges were the 
[Sm to touch the ground, follow'cd by those of the 
'last thoracic segment, and so on until the wave of 
^movement reached the head; meanwhile new waves 
|0f movement were progressing forwards from the 
‘inder end. The result of such successive w'aves of 
lovement is a series of sets of paired markings 
ppressed like open-ended (truncated) V-shapes 
mg. ll.l.Sg; Seilacher, 19.55, 1964; Osgood, 1970). 
piiice the tnlobite widens anteriorly from the pygid- 
teii, the V is directed forwards (though sonic 
phosunds moving forwards had a senes of reversed 
ps). Where the sides of the V do not curve in again 

( lithe front It seems that the head appendages cannot 
hve been used in walking. 

Tnlobites moving directly forwards made a track 
insisting of a series of superimposed sets of V- 
irkings, so that it is not easy to sort out the niim- 
r of imprints per set, though a good example is 
lown in Fig. 11.15h. When trilobites walked with 
kit movement oblique to the body axis (as in 
'Ipliilinites), the imprints are closely crowded and 
terfenng on one side but quite separate on the 
'icr, and so they can more easily be counted, 
ere is then some chance that the trail m.ikcr can 
kidennficd, as there should be some kind of parity 
ween imprint number and the number of walk- 
i legs. Dipikhniles might have been made by a 
bite walking obliquely as its nonnal mode of 
session, or it could have resulted from the 
al trying to keep steady on a slippery mud 
bee while a lateral current svas flowing. 

I In these various walking trails the marks of the 
Iking leg often retain the detailed imprint of the 
mn.ll digit which made them. In the Devonian 
KBriickschiefer of Gennany many specimens of 
_U>p.< arc found, some with their appendages 
|)Utt (Fig. 11.13g; Seilacher, 1962). These tenni- 
a distal tuft of bristles, encircling the tenninal 
w, which if extended like an umbrella would fit 


ideally with the stellate impressions arranged in 
paired series on cither side of a median groove, such 
as have been found at the silt-sandstone interfaces of 
beds in the same sespience. This i.s one of the few 
cases of unequivocal matching. In the Ordovician of 
Cincinnati the large asaphid Isotcliis is present in a 
sequence that also contains the ichnofbssil 
Asaplioidkiiiiiis, which consists of paired sets of trifid 
imprints (Fig. ll.lSj). This trace fossil is large 
enougli to have been made by Isotcliis, and indeed it 
may give a clue as to the structure of the appendages 
of tins trilobite, which arc otherwise unknown. 

Evidence of strongly oblique movement is 
known only in rare cases. The well-known 
DiiHorphiclinitvs (Fig. 1 I.I5k) from the Cambrian of 
the Salt Range of Pakistan is one of these. In each 
‘unit’ of Diniorpitirhiitres there are two elements; on 
one side a set of round and deeply impressed 
imprints, on the other a set of lightly impressed and 
slightly sigmoidal raking marks. Seilacher’s (1955) 
interpretation of these is that a trilobite (probably an 
olenellid) moving crabwise from left to right would 
press its right-hand legs into the substrate and, using 
these for support, would heave its body sideways by 
contracting its leg muscles. Then it would drag its 
left-hand legs across the mud, only using them fiir 
minimal support, and by withdrawing its right-hand 
legs one after the other and replacing them some 
distance to the right would then be in a position to 
repeat the procedure. A number of complete move¬ 
ments of tliis kind can be clearly seen on the lower 
surface of a sandstone unit. In one case a Lower 
Cambrian olenellid, moving from the left by such a 
mode of progression, encountered the track of 
another olenellid, turned round again and moved 
back again parallel with its own set of tracks. Then it 
jumped over its own tracks and moved away at right 
angles to its first track by slightly oblique forsvard 
movements. Seilacher interpreted these as grazing 
tracks since the trilobite obviously avoided previ¬ 
ously made tracks. Similar tracks have been found in 
the Ordovician, apparently made by tniuiclciils. 

Cniziiiiiii is a very widely distributed trace fossil, 
and up to .30 difTerent fonn species have been 
described, though these can often be attributed to 
somewhat difterent burrowdng techniques by the 
same animal or to the inclination of the body of the 
animal on different gradients. However, the basic 
Cnizituiti is simple; an elongated bilobed trail, each 
lobe being convex downwards and usually striated 
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with oblique, closely spaced ridges and grooves 
forming a herringbone pattern (Figs 11.15a, 12.12a). 
The tnlobite must have ploughed its way along the 
upper surface of the sediment, incising these mark¬ 
ings as It went; in the best-preserved specimens 
there was probably a thin layer of sand already over- 
lying the plastic mud that took the impressions, pro¬ 
tecting it from current erosion. More sand later 
filled the markings. The two lobes, with their 
oblique structures, were probably made by the 
walking legs moving inwards towards the median 
line and backwards. The oblique scratches seem to 
have been made by divided tcniiinal claws, though 
as they are generally superimposed one upon 
another, the marks of individual legs are often diffi¬ 
cult to distinguish. 

Variants of the basic structure are often found. 
Sometimes lateral furrowed borders are present, 
probably the scratch marks of gills or pleurae. 
Certain species have an extra pair of lobes 

within the outer furrows, perhaps the brush marks 
of the gill branches as the trilobite ploughed for¬ 
wards. Cntziauit has also been found with apparent 
pygidial scratch marks as well. One species shows a 
herringbone pattern clearly subdivided into sets 
with between three and nine parallel scratches; each 
successive set overlaps and truncates the preceiling 
one in a manner suggestive of alternate stronger and 
weaker pushes. On rare occasions a particular 
Crmtaua species can be matched with a particular 
trilobite, where there is only one kind of Cntzwna 
and one species of associated trilobite (Fortey and 
Seilacher, 1997), but this is uncommon. 

Rtisopliyciis (Fig. 11.15b-f), interpreted as trilobite 
burrows or temporary resting traces, is the name 
given to short ovoid markings which are normally 
bilobed and deepest in the centre. These may be 
smooth (coflee bean mark.s) or have herringbone 
ridges as in Crtiziana. They usually occur singly, 
implying that a swimming trilobite had landed, 
excavated a temporary ‘nest’ and then swum away, 
riiey may also terminate Cn4ziana trails, as if the 
trilobite had craw'led, rested and then swum off, and 
they have been found in .issociarion with striding 
trails. The smooth Rusophyem was probably formed 
beneath the body of a resting trilobite rheotactically 
directed upstream and hollowed out and smoothed 
by current scour. Some deeply excavated hollows 
are best interpreted as nests in which the trilcibites 
lay tor quite long periods, and it is these that have 


been found in the tlrdovician of Cincinnati .still 
w'ith trilobites in them, though only a very few 
e.xamples have actually been discovered. Some 
interesting examples described by Seilacher were 
clearly produced by the anterior appendage* 
shovelling forwards and the posterior ones working 
backwards; hence Riisopliyciis has a bidirectional 
structure. Other examples were apparently exca¬ 
vated by using the anterior border itself as a shovel 
and scrabbling with the posterior appendages. Such 
modifications of normal practice allowed the forma¬ 
tion of deeper burrows than the nonnai shallow 
resting traces. The trilobite could easily get out of it) 
nest by pushing with the walking legs, but one 
intriguing example from Poland (Orlowski ct d. 
1970; Fig. 11.15b) shows imprints of the legs out¬ 
side the burrow, though only cm one side as evi¬ 
dently the animal had levered itself out sideways 
before swimming away. This and other examples 
show the grooves where the coxae had rested. 

Some ‘hunting burrows’ or Rusophycus from the 
Lower Cambrian of Sweden give evidence of pre¬ 
dation by trilobites, probably olcnellids, or infauiul 
‘worms' (Bergstrbm, 1973; Jensen, 1990). Twenty- 
three known examples of R. dispar are dug down to 
U-shaped spreite burrows, which were probably 
made by a priapulid. This prey must have been 
located, chemically or visually, at the apertures ol 
the burrows. The Rusophycus traces are always 
located in contact with but slightly to one side of 
the wonn burrow. This suggests that the prey wi» 
captured by the trilobite digging down deep, then 
hooking one set of legs round the tubular body of 
the wonn and finally impaling and shredding it with 
the spinose coxae. Where the spreite bunow is 
short, the trilobite was able to align itself pnor to 
digging. Longer worm burrows required several 
successive diggings by the trilobite in order to 
aclueve the correct alignment. 


Life attitudes, habits and ecology 

Acastc (Fig. 11.2c) shows a standard p>attem of con¬ 
struction in side view. This attitude is very com¬ 
mon, and even in such a spnny tnlobite as Cybetoda 
(Fig. 11.1 le) the spatial and angular relationships of 
the various parts of the body are similar. Cybeloidts, 
however, h.is both genal spines and inacropleural 
spines on the sixth thoracic segment. These would 
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hold the body in an outstretclicd attitude on the sea 
floor with the posterior thoracic segments and the 
pygidium nsing away from it, though some relax¬ 
ation of the muscles would lower the ‘tailgate'. 
Besides being used as props, the spines could have 
been used in burying the trilobitc by a series of 
alternate flexion and relaxation movements. 

Spinosity in trilobites was once regarded as an 
adapution for a planktonic mode of life, the spines 
inhibiting the animal's sinking. However, most 
tnlobites are far too large for the spines to have been 
of any real value in this context, and it is more likely 
that they were, as well as being protective, used for 
•spreading the weight of the trilobite when resting 
on the sea bottom. Thus long genal spines, as in 
(Fig. 11.1 If), bore the weight of the whole 
Itxoskeleton, being the most ventral part of the ani- 
Imal; the thorax and pygidium were c.arried slightly 
|higher than these and not in contact with the sea 
j floor. This is a common posture, especially in the 
Cambrian, and is probably primitive for trilobites. 

Perhaps the most striking c,ise where spinosity 
and life attitudes are correlated is in the 
^Odontopleuroidae (Figs 11.1 la, 11.16). 

Odontopleurids are always spiny and have not 
only lateral but also ventrally directed spines. Genera 
Mich as Acidaspis and / hidleyaspis (Fig. 11.11 d) have a 
|iinge of modified denticles extending along the 
micro-lateral border on cither side of the glabella, 
pinco they tenninate in a flat plane they seem to 
pve been adapted for supporting the cephalon in a 
Imicular attitude, presumably while feeding, for 
pc short hypostome would then be in close prox- 
■lirs' to the sea floor and so would the mouth 
fcrhich lay just behind it. There is no anterior arch in 
(pese modified genera nor in Ciratoccphala, which 
jpuld support itself in a similar attitude even though 
iildoesnot have the denticles (Whittington, 1956). 

'1 The rootstock genera of the odontopleurids, 
mph (Figs I 1.1 lb,c, 1 1.16) and Priniaspis, have 
1C interior denticles lying in a curve rather than in 
plane, and it has been postulated (Cilarkson, 1969) 
ii these trilobites could take up two alteniative life 
itudes, both ctjually functional but for different 
"^ntposcs. In one the trilobite lies on the sea floor or 
^wls over it with an open anterior arch, with the 
■|{phalon supported by the genal spines and postc- 
denticles and with the thorax and pygidium, 
Jlbich slope posteriorly, resting on their spines (Fig. 

Mlb). In the other attitude the cephalon is tilted 



Figure 11.16 Leonaspis coronala (Sil.), Wenlock Limestone, 
Dudley, England: a complete specimen in dorsal view cephalon 
slightly crushed (x 4). 


forwards like that of Dtidlcyaspis, resting on the 
anterior denticles, while the body is held out hori¬ 
zontally (Fig. 11.1 Id). The first attitude seems to 
have been a resting position, the second an active or 
‘browsing’ stance. 

Diidlcyaspis was a presumed derivative of the 
Leonaspis stock, pemianently specialized for life in 
the active attitude, since the postenor thoracic 
spines and the pygidial spines arc bent down so .as to 
terminate in the same plane as the anterior denticles. 
In Ccraloci’pliala it is the anterior thoracic spines that 
are modified; they arc large and thick and terminate 
in the same plane as the anterior border of the 
cephalon, showing how specialization for the active 
attitude h.as been independently evolved. 

The rcKatively unspecialized lu’onaspis stock, with 
its dual mode of life, was very' versatile, and the 
stratigraphical range of this one genus hxs been 
estimated as 170 Ma. However, its derivatives 
(Diidleyaspis, Addaspis and others) were of relatively 
short duration, illustrating the general rule that the 
highly specialized taxa did not usually last very long. 

The specialized odontopleurid Sciniopeltis (Fig. 
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11.1 la) (which was capable ot’discoidal enrollment) 
has been interpreted as an active swimmer but capa¬ 
ble of resting for short periods of time on the sea 
floor (Hammann and Rabano, 1987). 

Throughout the history of trilobites certain spe¬ 
cialized 'morphotypes' have occurred again and 
again, in different stocks. This convergent evolution 
suggests similar ecological niches. Fortcy and 
Owens (199()a.b) have documented eight such inor- 
photypes resulting from iterative evolutionary 
trends. Thus ‘phacomorphs’ are tuberculate, con¬ 
vex, nearly isopygous trilobites with well-developed 
eyes. Such morphology is characteristic of many 
unrelated Ordovician to Pennian forms. Likewise 
some kinds of 'illaenimorphs' have a highly convex 
exoskeleton in which the head in side view is hemi¬ 
spherical and the furrows are effaced. The body 
cannot articulate with the head in the nonnal way 
but declines backwards very sharply from a highly 
inclined occipital ring (c.g. the illaenine 
BiiniJShviit's). Such a distinctive morphologv' is 
poorly suited to epifaunal crawling or swinuning, 
and it is highly probable that these unusual trilobites 
lived infaunally in finer substrates and were largely 
sedentary suspension feeders (Stitt, 1976; Bergstrom, 
1973; Wesrrop, 1983). Other trends include loss of 
eyes, development of marginal spines or pitteef 
fringes, imniatunzation, and adaptation to a dysaer- 
obic habit.tt (olenimorphs), or to a pelagic mode of 
life. The interpretation of some trilobites as pelagic 
is based upon three independent criteria: functional 
morphology, analogy with living arthropods, and 
geological evidence (Fortey, 1975, 1985). 

Trilobites such as the equatorial Opipaifer have 
enonnous hyperhophied eyes, capable of all-round 
vision, and long fusiform bodies, axially vaulted but 
with reduced thoracic pleurae giving longitudinal 
flexibility (Fig. 11.17). 

The lateral profile shows that there is no way they 
could have rested on the sea floor like other trilo¬ 
bites. These details suggest that the lifestyle was 
pelagic, and analogies may be made with large-eyed 
pelagic crustaceans of the present day belonging to 
nomially benthic groups (e.g. the amphipod 
Hyperia) whose eyes and bodies are modified in sim¬ 
ilar ways. Moreover, unlike the nonnal, largely 
facies-controlled benthic assemblages, Opipeutcr 
seems to be independent of facies, as is Ciirolinites, 
another large-eyed Ordovician trilobite, which to a 
degree is homeomorphic on Opipeutcr. This gives a 


Figure 11.17 Opipeuter, an Ordovician pelagic trilobite in (a| 
dorsal and (b) side view. (Redrawn from Fortey, 1974a.) 




clear confirmation of a pelagic life habit for genera 
such as Opipeuter, Caroliuiies and Cydopyj^e which arc 
vaulted, often spinose and poorly streainhned. Such 
trilobites were probably slow swiimners like the liv¬ 
ing amphipod Hyperitv, their morphology coiitrists 
with the remarkably streamlined fonn of cyclopy- 
gids like Noi'cikelltt, which is elliptic in form, laclu 
spines, and has the eyes flush with the surface of 
the long-snouted head. Such shapes have been 
experimentally tested for streamhning in fltimf 
experiments and support the idea of adaptation to 
rapid swimming. Trilobites like Noi’akelk were tJiiu 
adapted for fast movement in the pelagic zone and 
arc likely to have been predators. Cyclopygids were 
the high-latitude equivalents of Oftipeuter and 
Caroliuites. 

A pelagic mode of life has also been proposed lor 
many agnostic! tnlobites (Robison, 1972). Theif 
small, blind, isopygous Cambro-Ordovician form) 
have only two thoracic segments (Fig. 11.18) .md 
their limb morphology (Chapter 12) differs from 
that of other trilobites. 

The global distribution of these agnostids (whrrr 
best kntswn in the Middle Cambrian) is very wtdf. 
the same species occur in Scandinavia and western 
North Amenca. This contrasts dramatically wtli 
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- figure 11.18 Agnostid (miomerid) and polymerid Irilobites from the Middle Cambrian of Utah: (a) Ptychagnostus atavus (x 7); (b) 
Bmch^spidion microps (x 5); (c) Modocia t):picalis (x 2). Agnostids can be used for intercontinental correlation, and may have been 
pelagic; this can be tied in with a stratigraphic scale for the Laurentian continent, based upon the benthic polymerids. (^otographs 
oy courtesy of Dr R.A. Robison.) 


that of contemporaneous polymerid trilobites, 
which remain endemic to their own continental 
t mxsses. Thus the polymerids of the Laurentian con¬ 
tinent (at that time firmly anchored on the equator) 
IS quite different from that of Baltica (isolated in 
, southeni latitudes), yet the agnostids are the same. It 
I seems reasonable to conclude that while the poly- 
j merids were benthic, the agnostids were pelagic, but 
^ the latter do not appear adapted for a planktic life. 

, Possibly they had very extended larval stages, but 
I some indeed may have swum in a partially enrolled 

i condition in the upper waters of the sea; others may 
bve adopted different modes of life. 

Trilobites were acLipted to specialized ecological 
niches (Thomas and Lane, 1984) and arc usually 
found in characteristic associations, confined to par¬ 
ticular sedimentary environments or bathymetries. 
Of the many synccological studies made recently, 
those of Henry (1989; Ordovician), Thomas (1980), 
Chlupac (1987) (Silurian) and Chlupac (1983) 
(Devonian) are recommended for further reading. 

It is worth noting that ‘opportunistic’ trilobites 
have been recorded: these are species able to invade 
uid flourish in resource-rich but otherwise inhos¬ 
pitable environments. They are usually recognized 
iBrezinski, 1985) by unusual abundance within a 
liingle bed. 


Eedysis and ontogeny (Fig. 1 1.19) 

Like all other arthropods, trilobites h.id to moult 
periodically in order to grow. The cast shells (exu¬ 
viae) were thrown off as the the animal eedysed, 
being commonly disarticulated and broken along 
the cephalic sutures during the moulting process. 
Meanwhile, the soft shell which had fonned below 
the old exoskeleton was inflated to a larger size and 
hardened. Occasionally the moulted exuviae remain 
intact or only slightly displaced into a particular and 
fairly constant relationship. Many different kinds of 
such moulting configurations have been described 
and different trilobites had particular techniques for 
escaping from the old exoskcleton (Henningsmoen, 
1975; McNamara and Rudkin, 1983; Whittington, 
1990). Sometimes, especially in very fine argillaceous 
sediments, a gradational size series can be collected 
which gives a partial or complete record of ontoge¬ 
netic development from the earliest larval stages 
(Whittington. 1957). The first ontogenetic scries 
known were described by Barrande in 1852; one of 
these, the Cambrian Sao hirsuta, is illustrated here 
(Fig. 11.19a) and shows the general system of growth. 

The earliest stage is a protaspis, usually some 
0.75 mm in diameter. This is usually a cambered 
disc, open ventrally, which carries a segmented 
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(d) asaphid 





^re Trilobite ontogeny; (a) Soo hirsufa (M. Cam.), Bohemia, showing protospides (1 -3; x 14|; mefasoides (4 5* x 101 of 

Shumorc/io (Conophrys) saloDiensis (L Ord), Shropshire, England: (l-^S) meraspiLs 
J "’^rapleurol sp.ne; 7) holaspis (x 15); (c) Oknellus gherii. (1) eady merospis 
olT “ k ’'.k'ik"*’ «pholon X 0 5). The arval (infergenal) spines are almost completely reducedln 

l^dult ond are not homolgous with the genal spines (5). (d) Lateral, onterior and venirol views of the late protaspis of an 
^icjan asooM, showing the spiny hypostome (x 40). ((a) After Borrande in Treatise on Invertebrate Paleontology, (b) redrown 
nm Foftey and Owens, 1991; (c) redrawn from Palmer, 1957; (d) redrawn from Evilt, 1961 .] 


ntral lobe, later to become the glabella. The eyes 
Jji this stage arc tiny and arc located on the antenor 
irgiii: later they migrate inwards bringing the 
rial suture with them. The hypostome is not 
mown in Sao, but in genera such as Asaphus (Fig. 
|l.l9d) and CMvicalymene, m which it has been 
ribed, it is extremely spiny, suggesting a func- 
onal change as the hypostomal spinosity dimin- 
hes. Many protaspides arc generally spiny, and the 
pines may later disappear totally in the adult, 
lencllid trilobitcs, for instance (F’almer, 1957; Fig. 
11.19c). have protaspides with a pair of long blade- 
• ipmes, whose adult equivalent is merely a pair 
Jiiftiny knobs lying within the genal spines, which 
r quite separate organs developing later. 

[As the protaspides grow by further moults a 
isverse furrow develops, separating the larval 
Jhalon from the presumptive pygidiiim; the 
Bw can freely articulate against one another. The 
aspid stage begins when the pygidium becomes 
let. The thoracic segments then fonn m a zone of 
lowtli along the front of the pygidium. They are 
lly part of the pygidium for a while, and then 
)• are released in turn and liberated from its ante- 
lir part. The pygidium is thus known as a transi- 
[jjf)' pygidiimj as it docs not acquire its permanent 
ntiry until the last thoracic segment has been 
Jtised Meraspidcs are numbered in degrees — 0, 1, 

1,3, ... - according tt> how many thoracic seg- 
Jits have been freed from the anterior edge of the 


transitory pygidium. The process is perhaps best 
seen in the development of Sliiimardia (Conophrys) 
salopiensis (Fig. 11.19b) from the Tremadocian of 
Shropshire, England, since the macroplcural spines 
on the fourth thoracic segment are a good marker. 
These are liberated at meraspid degree four while 
the fifth and sixth segments arc still being fomied at 
the front of the transitory pygidium. Meanwhile the 
ccphalon is acquiring adult proportions. 

When the adult number of thoracic segments has 
been reached the trilobite is now a holapsis, though 
it may have to pass through many more moults 
before it is of fully adult proportions. Rarely, as in 
Aulacopli’ura which had up to 25 thoracic segments, 
new segments are added until a very late stage m 
development. 

Some curious phosphatized objects found in asso¬ 
ciation with cybehnind trilobitcs and sm.aller than 
the earliest protaspides have been interpreted as pre- 
protaspid larv'al stages (Fortey and Moms, 1978). 
These phasclus larvae are ovoid, vaulted bodies 
with a ventral free edge and doublure. 

Exquisitely preserved details of structure in trilo- 
bitc larval stages are now known from silicified 
specimens which has greatly added to our knowl- 
edge (e.g. Chatterton, 1980). Two basic kinds of 
protospides have been distinguished (Speyer and 
Chatterton, 1989), highly inflated ‘non-trilobite- 
likc’ forms such as tho.se of Asaphus (Fig. I1.19d), 
and the more typical ‘trilobitc-like’ cambered discs 
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(Fig. 11.1 ‘ta) as in i'tjo. The tonner are believed to 
be planktic, the latter benthic. 

Quite apart from their intnnsic interest, ontoge¬ 
nies arc potentially useful in suggesting phylogenetic 
relationships between established taxa. If two dis¬ 
tinct stocks have fairly similar protaspides, ditlering 
in characters from those of other stocks, they may 
share a common ancestry even if the adults look 
quite difi'erent. Thus when the ontogeny of the 
corynexochid trilobite liiitliynrisriis fiiiihriiUiis was 
elucidated (Robison, I‘lb7), it became clear that' 
there were similarities between its protaspides 
and the protaspides of many ptychopanids. 
Furthennore, adult corynexochids show many char¬ 
acters that are found in the protaspid and meraspid 
stages of ptychopanids, and so it has been possible to 
establish a real phyletic relationship between the 
two groups, as well as showing that major differ¬ 
ences 111 the holaspid morphology of the two groups 
have resulted mainly from differential growth rates. 

Ontogenies in trilobites also point to the impor¬ 
tance of paedomorphosis as an important factot in 
evolution, especi.illy where new kinds of organiza¬ 
tion seem to have arisen very rapidly and without 
preserved intermediates (MtNamara, 1978, 1983; 
Whittington, 1981). Thus the suture of trilobites 
can be traced through ontogeny as initially propar- 
ian, though it may later become opisthopanan. 
Since there is good evidence that pliacopid 
schizochroal eyes arose paedomoiyihically, it is not 
unlikely that the proparian suture of the Phacopina 
is hkewisc pacdomorphic. 

Flow trilobites reproduced is unclear, fhe occa¬ 
sional discovery, however, of monospecific, age- 
sorted clustered assemblages (Speyer and Brett, 
1987) suggests, as with some modern arthropods, 
that tnlobitcs aggregated together prior to moulting 
and mass copulation. 

Size—frequency analysis of tnlobite populations 
have revealed different reproductive strategies. Thus 
r-strategists h.ave high fecundity and substantial 
juvenile mortality; the population curve is left- 
skewed. /v-strategists on the other hand, such as 
Ogyi^iofiirelhi, an inhabitant of fairly deep water, have 
broad, flat distribution curves (Sheldon, 1988). 
Here, fecundity, and hence recruitment, is low, 
small individuals never formed more than a sm.all 
part of the total fauna, and the population was main¬ 
tained in a steady state. Such strategics were proba¬ 
bly characteristic of particular environments. 


Classification (Fig. 1 1.20) 

The classification given below is a modified version 
of that in the forthcoming second edition of the 
T realise on Itwerlcbrate Palconloloi^y. It is based upon 
the whole complex of axial and other characters, 
without any one or more being singled out as being 
of overriding importance. Virtu.ally all the characters 
used by the earlier systematists are herein incorpo¬ 
rated, but in a more realistic perspective. In addi¬ 
tion. characters such as resemblances at early 
ontogenetic stages become increasingly important 
The character and location the hypostome are now 
seen being as of particular importance for higher 
level classification (Fortey, 1990). 

CLASS TRILOBITA (C^ani.-l’emi.): Mannc arthropods with 
largely calcitic exoskcleton divided into three longiiuJiiul 
lobes and with a distinct ccphalon. articulated thorax and 
pygidiuin. Cephalon with primitively 1'urrowi‘d glabella, 
facial sutures, cuiiipouiid eyes (sometiiiies lost) and doublure 
with free or att.iched hypostome. From 2 to 4t) thoracic seg¬ 
ments, each with axis and pleura. I’ygidium vanable in sire 
and shape. Spmosity variable. Ventral appendages, apart from 
imiramous antennae, are one pair per segment, biramous and 
all of the same kind, decreasing in sire poslcriorlv. 

ORDER 1, REDLICHIIDA (L.-M. C.xm.)- An early group of 
trilobites with a large semicircular ccphalon having strong 
genal spines, numerous and usually spiny thorat ic seg¬ 
ments and a tiny pygidiiim, liyes large, hypostome conter- 
minant. Includes .SUHORDBRS I. OLENH.l.OIDEA 
(no dorsal sutures), c.g. Olciiellui, 2. tMUELLOIDEA, 
e.g. Einiiella-. .k REDLICHOIDEA. c.g. RrMuhiir. 4. 
I’AlkADOXJDOIDEA. c.g. Paraiioxides - dors-il sutures 
present. 

ORDER 2. AGNOSTIDA (L. Caiii.-U. Ord.): Small tnlobitcs 
with subequal cephalon and pygidiuin. usually bLiid. 
simireless, enrollment typical. Thoracic segments number 
only two (SUBORDER I, AGNOSTINA |two subfani- 
iliesj) or three (SUBORDER 2. EODISGINA) |lliirc 
subfamilies inchiding PAGETIIDAE; the only group to 
have eyes and surures| t lypostomc natant. with ribboii- 
likc wings; c.g. l•odisal<. Pagelia. 

ORDER 3 NARAOIIDA (M. Gam ): Uncalofied tnlobnes 
with no thoracic segments; e.g. Nariwia. Tcgopellr. 

ORDER 4 CORYNEXOCHIDA (L. Gam.-M. Dev ): A r.ithri 
heterogeneous group. Glabella of varied fonii but usually 
parallel sided or expanding anteriorly; sutures opisthopai- 
lan with subparallel antenor branches, thorax usually witli 
seven or eight segments, often isopygous. Hypo.«onic 
conteniiinant to inipendeiit, may be fused with rostral 
plate. Includes SUBORDERS 1. CORYNEXOCHIINA 
with coiitemiinaiit hypostome (e.g. Olaioidcs, ZdiviiitWo, 
Bfilliynrisnis); 2. SCUTELLUINA with impendent hypos- 
tome (e.g. Seiilellum. HImiiks, Buinuslus. Phillipsinelhiy, .1 
LEIOSTEGIINA (c.g. Clnitmgm). 
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ORDER 5. UCHIDA (M. Catn.-M. Dev.): Usuallv spinv 
tnlobitcs. with coiitenniiiaiit hypiKtonics. Supcrtainilics 
1, LlC HOIDliA (L. (Vd,-U. Dev.), luedium-sizcd to 
very large trilobitex, with luiniistakably distinctive ccphala 
and pygidia. Ccphaloii with broad gl.ibella, often witli 
fiiscd lateral and glabellar lobes, opisthoparian sutures. 
Pygidinm often larger than cephalon; tiiberculate 
exoskeleton (c.g. Liebas. Hemiat^es. Teratitspisy. 2. 
ODONTOl’LEUROIDEA (U. c:ani.-M. Dev.). Very 
spiny tnlobitcs. Glabella with three pairs of lateral lobes, 
outside which on the librigenae he the ocular ndges, 
sutures opisthopanan, hypostome small. Short spiny 
pygidium, tuberculate or spiny exoskeleton (c.g. Aiidaspis, 
Ijvtuispis, Ccralocipbiih)-. 3. DAMESELLOIDEA (M.-U. 
Cam.): East Asian, usually spiny trilobites; probably sister 
group to odoiitopleuroids. 

ORDER 6. PHACOPIDA (L. Ord.-U. Dev.): Large order of 
doniinantly propariari trilobites, divided into three clearly 
dcfitied suborders. 

SUBORDER 1. CHEIRURINA (L. Ord.-M, Dev.): A very 
vanable, nomially propariaii group. Glabella with up to 
four pairs of glabellar furrows .ind usually expanding 
forwards, sm.ill holochro.il eyes, rostral plate present, 
hypostome free. I'horax with eight to 1*5 segments. 
Pygidium usually lobed or spiny; c.g. Chdninis, 
Daphon, Ceriturus, Spluiercxoihus. 

SUBORDER 2. CALYMENINA (L. Crd.-M. Dev.): A fairly 
homogeneoas, usually goiiatopanan group character¬ 
ized by an anteriorly tapenng glabella with four or five 
pairs ot lateral lobes, dinunishiiig m size forwards. Eyes 
small, holocliroal. Thorax with 11-13 segments. 
Pygidium rounded or subtnangular. In FAMILY 
I lOMALONOTlDA the a.xis is very broad and the fur¬ 
rows arc largely elTaceil or very' shallow; e g. Calynitiif, 
Trimcnix. 

SUBORDER 3. PHACOPINA (L. Ord.-U. Dev.): 
Cephalon with forwardly expanding glabella, schizo- 
chroal eyes, propariaii sufures and no rostral plate. 
Thorax of II segments. SUPERFAMILY PHACO- 
I’ACEA h.ts a sm.ill pygidium and well developed 
enrollment mechanisms. Members of SLIPERFAMILY 
DALMANI l'lDAE arc larger, isopygous and large-eyed 
and liavc enrollment stnictures poorlv developed; e.g. 
Phiiii'ps, Datintiiuli's, .dfiistr, (diiwiiiiips, 

SUBCLASS LIBRISTOMATA (Fortey, 1990): Includes all tnlo- 
bites with nataiit hypostomes, together with secondarily con- 
teniunant or impendent tnlobitcs with natant ancestcirs. 
ORDER 7. PTYCHOPARIIDA (L. Cam.-U. Dev.). A large, 
paraphyletic tnlobitc order, all with natant hypostomes 
.and including many highly modified groups. 'Typical' 
ptychoparoids such as SUBtYRllER 1. ULENIDA have 
a simple, forwardly tapering glabella with nomially 
straight glabellar furrows, large thorax and small pygidium 
(c.g. O/fHiu, LeplopLtsliis. Triiirllmis). ISUPERFAMILIES 
I. ELLIPSOCIEPHALOIDEA and 2. PTYCHU- 
PARK^IDF.A also belong here (c.g. Ettipsoccphalus, 
Plycbflpnna, Cimiworyplw, .SlnniKm/ifi)] SLI130RDER 2. 


UARPINA have pronounced cephalic fringes; c.g. 
Harpes. 

ORDER 8. ASAPHIDA (U. C.am.-Sil.): Median ventnl 
suture present, only pnmirive foniis retain natant condi¬ 
tions, most being coiiterminant or impendent. Flighcr 
asaphids have a distinctive inflated protaspis (Fortev and 
Chatterton, 1988). SUPERFAMILIES 1. ANOMtV 
CAROIDEA (e.g. Aiumwcms)^ 2. ASAPHOIDEA (e.g 
Axap/ms. Cfralcpyxf), 3. DIKELOCEPFIALOIDEA 
(e.g. Plyduisph); 4. REMOPLEURIDCIDEA (c.g 
Rvinoplfuriilt's)', 5. CYCLOPYGOIDEA (e.g. CyiU'pyfe, 
■ Nileus): 6. TRINUCLEOIDEA (e.g. Trimiclftis, Dionidt, 
Ampyx, Onmii’ioptis). 

ORDER 9. PROETIDA (Ord.-Penn.): Glabella large and 
vaulted, well defined, usually with genal spines, iiatrow 
and backwardly tapering rostral plate, opisthopanan, eyes 
holochroal .and usually large, long hypostome. Thorax 
with eight to 1(1 segments; isopygous; pygidium usually 
furrowed and not spiny (Fortey and Owens. 1975). 
Distinctive proetoid proMspis. Two SLIPERFAMILIES, 
1. PROETOIDEA; 2. UATHYUROIDEA (e.g Prnrlm, 
Philtipsia, Haihyurus, Auhtivpleutii). 

Evolution 

General pattern of evolution 
Almost nothing is known about the ancestors ot 
trilobites. In common with other .irthropods it may 
be presumed that trilobites were possibly denved 
troin the same ancestors as the annelids, and the 
Ediacara ‘soft-bodied trilobites’, recently desenbed 
(p. 6f), Fig. Ij), may have been somewhere in the 
ancestral line, but this is only speculation. The earli¬ 
est trilobite group to appear is Suborder Olcncllina, 
which is micropygous. These, together with the 
secondarily blind Agnostida, which appeared a little 
later, diversified through the Lower Cambrian and 
were joined by the Corynexochida and Ptycho- 
pariida, which continued through after the demise 
ot the Olenellina at the end of the Lower Canibnan. 
The Upper Cambrian fauna is dominated mainly by 
the Ftychopariina which show, at least superficially, 
relatively limited variation, by contrast with that 
exhibited by many Ordovician taxa. This could 
point either to a period of evolutionary stagnation iu 
which there was both limited genetic potenti.!! and 
low' selection pressure, or alternatively to a rather 
rigorous selection weeding out of all but the mor¬ 
phologically defined forms. The fonner alternative 
is favoured, since in the few groups in which evolu¬ 
tion has been studied in detail (c.g. the Ltlenidac) 
there is, in spite of the retention of a standard mode! 
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ot organization, a fair degree of evolutionary plastic¬ 
ity within the group. 

At the end ot the Catnbnan there was a major 
crisis in trilobite history'. Most ot the comparatively 
unspecialized Upper Cambrian stocks died out, few 
reaching the Ordovician (Whittington, 1966). The 
reasons for such extinction are unknown; perhaps 
the marine regressions ot late Cambrian time and 
the rise ot predatory ceph.alopods may be invoked as 
being amongst the causes. Some short-lived, rapidly- 
evolving Upper ’FVemadocian groups then origi¬ 
nated, and after their extinction came the first 
representatives ot the important and dominant 
Ordovician groups; the lUaenina, I’hacopida, 
Tniuicleina and others, all highly ditferentiated and 
diverse, most of them of cryptogenetic origin, and 
surviving for various periods thereafter. It is an 
interesting feature of tnlobite evolution that after 
this great burst ot new constructional themes in the 
early Ordovician very' few entirely new patterns of 
organisation arose; afterwards evolution in trilobites 
was very largely a matter of experimentation and 
development ot the new genetic material that first 
came into being in the early Ordovician. 

It seems clear that these strong and dominant new 
I Ordovician stocks were able to colonize and exploit 
new environments in a way that had not been possi¬ 
ble for their Catnbnan progenitors. For the first 
time, for example, there are many genera colonizing 
red environments, some persisting for a long time, 
others being replaced by different genera of broadly 
I siniilar morphology. These reef faunas are often dif- 
t ficult to correlate stratigraphicaUy with contempora- 
I neons faunas living in other environments. The 
pure limestone fauna.s of early Ordovician age have 
j preponderance of Kirge, rather flattened and rather 
lightly furrowed asaphids, for instance; when these 
died out, scutelluids of similar morphology occu¬ 
pied their ecological niche. Despite the succc.ss of 
die Ordovician trilobites as a whole, however, 
iiraiiy distinct groups (e.g. Family Triiiucleidae) 
IWtamc extinct by the end of the Ordovician. The 
BDTVivors were long-ranged and presumably succcss- 
'liil and versatile groups. Yet these ‘well-tried’ 
pimps were not devoid of diversification potential, 
for there is evidence of several adaptive radiations in 
particular isolated areas of the world, where an orig¬ 
inal ancestor invading a fairly empty environment 
lad paved the way for a burst of evolutionary diver- 
sfication in its descendants. 


The trilobite faunas of the Silunan and Devonian 
contain many of the same elements: phacopids, 
dalmanitids, cheirurids, calymenids, harpids, etc. 
Consequently a Silunan assemblage can easily be 
confused, at least superficially, with a Devonian one. 
Encrinuridae (Suborder Chcirurin.i), however, 
though so charactenstic of many Silurian fiiunas, do 
not extend tar into the Devonian. 

The extinctions of the Middle and Upper 
Devonian disposed of the majority of trilobite 
groups, yet the remaining Proetida went all the way 
through to the Upper Femiian. Most of these, espe¬ 
cially those living in shallow waters, were large¬ 
eyed, robust genera capable of enrollment, but there 
were also specialized, thin-shelled, lightly con¬ 
structed and often eyeless fomis, especially in the 
deep water of the Variscan fold belt in northwestern 
Europe. These are found from the Upper 
Devonian, where reduced-eyed proctids and pha¬ 
copids are present, and through the Carboniferous 
in the Culm facies. 

Extinction of the last Penman trilobites was 
probably related to the lowering of sea level 
that contemporaneously affected so many other 
invertebrates. 

In general, some fairly clear evolutionaiy' trends 
can be distinguished (Fortey and Owens. I990a,b), 
such as the origin of new eye types, the improvement 
ot superior enrollment and articulating mechanisms, 
the change from micropygy to isopygy, the develop¬ 
ment of extreme spinosity in certain groups and the 
reduction in the rostral plate. Yet trilobites as a whole 
remained constructed on the same archetypal plan 
defined in the earliest Cambrian and, especially after 
the early Ordovician, the number of changes of real 
significance remained surprisingly low. 

Microevolution 

There have been many studies on tnlobite evolution 
(summarized in Eldredge, 1977), especially on Upper 
Cambrian, Ordovician, Devonian and Lower 
Carboniferous genera; of these only three are selected 
tor frirther discussion. Other case histories are docu¬ 
mented in Clarkson (1988). 

Olenidae 

Tnlobites ot Family Olenidae occur in vast numbers 
in the Upper Cambrian of Scandinavia and also in 
Britain, North America and Argentina. They have 
been studied in great detail and are of great strati- 
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graphical value. Their evolution spans over 40 
million years, extending into the Ordovician. 

The ‘olenid sea’ reached from Eastern Canada to 
Scandinavia. It appears to have been fairly shallow, 
but may have been largely stagnant near the bottom 
or just below the sediment surface and the olenids 
seem to have been adapted to dysaerobic environ¬ 
ments. Some of them may have been adapted to 
bottom-dwelling .md feeding off the nutrient-rich 
Hocculent layer on the sea floor. 

The overall pattern of olenid evolution in 
Scandinavia has been splendidly documented by 
Westergard (1922) and 1 lenningsmocn (1957), who 
deal with Upper Cambnan Swedish and Norwegian 
faunas, respectively. Fortcy (1974b) has described a 
rich Lower Ordovician olenid fauna from Spitz- 
bergen and Clarkson (1973) dealt with eye mor¬ 
phology. A number of olenid subfamilies have been 
distinguished, of which the most important five are 
illustrated here (Fig. 11.21). 

Subfamily Olcninae is the earliest, and its type 
genus Olciius dominates the lowest two (of six) 


Upper Cambnan zones in Scandinavia. Cilenm gave 
rise to Leptoplastinae and Peltunnae which prolifer¬ 
ated and became very diverse in the succeeding 
zones, along with some derived Olcninae. Some 
genera, such as the leptoplastine Cfenopyyc, became 
very spiny. There was a relatively rapid turnover in 
olenid genera and species, most of which are of 
great stratigraphical value. At the end ot Upper 
Cambrian time the Olenid Sea contracted, and then 
expanded in the Tremadocian. The olenids of 
Trcmadocian time were again quite variable, and il 
was at this time that Subflimily Triarthrinae arose, 
which became dominant in the early Ordovician hi 
North America. Subfamily Balnibarbiidac, on the 
other hand, which are known only from 
Spitzbergen, evolved r.apidly in virtual isolation in 
the early Ordovician, a product of a remarkable 
burst of evolutionary activity. Only a few pelturines 
and triarthrines and members of smaller olenid sub¬ 
families still remained at this time, subordinate to 
the Balnibarbiidac. M,iny studies have been made of 
the overall pattern of evolution in olenids, and a 



Subfamilv Olaninae Subfamily Laptoplastinae 
Ofanus fruncafus Leptopisstus sfanofu* 



Subfamily Palturinaa 
PeHurt scar»tMi»cMdes 



Sablamily Balnibarbiinaa 
Bsinibarbi putvines 



Subfamily Triarthrinaa 
TriarthruM aatoni 


Figure 11.21 The frilobite family Olenidoe: representative genera and species of each of the five main subfamilies. 
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very importaiu contribution to our knowledge of 
speciation in fossils came from Kaufmanii (1933). 
He made a statistical study ot CJlcitiis in a 2.5 m part 
ot a condensed sequence of one of tlie lower zones 
of the Upper Cambrian. T'lie pygidia were found t<i 
be particularly valuable, and he was able to eluciciite 
changes in pygidial shape in no less than four distinct 
lineages. Where these trends were apparent within 
individual species he distinguished the different 
stages antenosus, medius and posteriosus, going 
from conservative to progressive, respectively. In all 
of these the character mean m the population shifts 
gradually, and in each case there is a general pro¬ 
gression in pygidial shape ffoni broad and short to 
long and narrow. Lineages 3 and 4 overlap; the oth¬ 
er. are distinct. It was postulated that the parent lin¬ 
eage of Ok'tuis was at this time living elsewhere, and 
that each ot the four distinctive lineages actually 
seen in the section began with an invasion of an 
evolutionary offshoot of the parent population into 
the area. The subsequent development of Olnttis 
through time generally followed an iterative pattern 
ot evolution, where similar trends arise in successive 
stocks from a more or less unchanging ancestor. The 
nioqihological characters of the ancestral stock arc 
not known with certainty but can be infeiTcd from 
the earliest members of lineages I, 2 and 4, Lineage 
3, which parti.illy overlaps with lineage 4, has some¬ 
what different characters and seems to have come in 
from a related but distinct ancestor, probably living 
tisewhere. This suggestion of the ongin of new 
groups from peripheral isolates of a main population 
IS amply confiniied by other trilobitc evolutionary 
studies, though only in lineage 3 did the observed 
trends lead to the development of a new species. 

Phacops rana complex 

^Eldredge’s (l‘)72b) study of evolution in the Middle 
Devonian Pliawps nvui of North America describes a 
classic case of allopatric speciation (Chapter 3). P. 
mui was widespread over North America during 
Middle Devonian times, having probably been 
denved from a European ancestor such .is P. lat- 
To the west of the area in which P. ratij lived, 

P. loimisis resided, the two species being more or 
less mutually exclusive. Whereas P. iouviisis is never 
Tct^ abundant and showed little evolutionary 
change throughout the Middle Devonian, there was 
much greater vari.ibility' among the subspecies of P. 
will, of which individuals are often very common. 


These subspecies are not very easy to distinguish, 
their definition being mainly based on eye mor¬ 
phology. and an extensive multivariate analysis was 
used 111 elucidation of this histor)-. Eldredge’s study 
spanned a large area of eastern North America, in 
which the sediments both of the shallow sea overly¬ 
ing the continent and of the marginal ‘e.xogeosyn- 
cline’ were represented. The region is well 
correlated stratigraphically, three stages being pre¬ 
sent., In the oldest (Cazeiiosdan) stage P. r.iiiu aassilti- 
hemiliitif and P. rano niilleri were both present 
(conceivably they could be sexual dimorphs of a sin¬ 
gle species) in the epicontinental sea to the west, 
while P. niiia niiia lived contemporaneously in the 
eastern area. In the extreme west P. ioiivthis was res¬ 
ident. When the Cazenovian trilobites had become 
extinct P. rami rami spread from the east into the 
epeiric sea, and when tins .subspecies died out at the 
end ot the d'ioughniogan stage P rami noniwikiisis, 
a new invader from the eastern cxogeosyncline, 
replaced it. Thus the trilobites of the epicontinental 
sea, though they appear to fonn a successive evolu¬ 
tionary sequence in which the eye is reduced, arc 
actually derived from an ancestral population living 
in the cast, as a scries ot invaders, originally periph¬ 
eral isolates of a parental population which as in the 
case of the olenids changed relatively little through¬ 
out time. This study also illustrates Eldredgc and 
Gould’s model of evolution (e.g. Eldredge and 
Gould, 1972) as a series of‘punctuated equilibria’. 
The individual populations of P. rami once estab¬ 
lished were relatively stable and underwent little 
evolutionary change. It was only when a parent 
population became extinct that the descendants of 
small, rapidly evolving populations living .is 
gamodenies peripheral to the main ancestral popula¬ 
tion could opportunistically invade the now-vacant 
territory. These then became the dominant wide¬ 
spread species: a successful balanced population with 
new and stable character states. 

Sheldon's Welsh trilobites 

Ordovician (Llandeilian) trilobites in Central Wales 
occur in great numbers in a virtually continuous 
scries of black shales. Sheldon (1987) studied a 
sequence spanning some 3 Ma, in which there are 
eight common rrilobite lineages (Fig. 11.22). 

In .ill of the eight genera, measured from 15 (MHI 
specimens, there was a net increase in the number of 
pygidial ribs, a character used in species diagnosis. It 
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is a striking example of gradual evolution occurring 
111 parallel in the various genera. Equally, Sheldon 
demonstrated that there are character reversals from 
time to time, such as temporary' decrease in rib 
number. There is no reason why character reversals 
such as this should not take place, and here they 
have been clearly demonstrated. This is one of the 
best examples ol gradualistic genetic change known 
from the fossil record, though the selection pressures 
that caused it remain uncertain. 


Faunal provincas 

Trilobites, as much as any other faunal group, show 
provincial dilTcrences throughout the Palaeozoic 
which can be useful indicators of the biogeography 
of that time. There seems to have been fairly well- 
marked provincialism in the (Jambrian and espe¬ 
cially in the earlier Ordovician. This provincialism 
decreased throughout the later Ordovician until, by 
the late Ashgillian, trilobite faunas were more or less 
cosmopolitan, a condition that persisted through the 
Silurian. In the early Devonian separate provinces 
began once more to dirterentiatc, most particularly a 
southern Malvino-Kaffric province, but following 
the extinctions of late Devonian time provinciality 


becomes less easy to trace. 

The distribution of trilobites in the Cambrian is 
complex (Cowie, 1971). In a broad and general 
sense it appears that there were two Lower 
Cambrian main faunal realms, charactenzed by 
olenellid and redlichiid trilobites, respectively. By 
the Middle and Upper Cambrian the (possibly) 
pelagic agnostids had a very' broad distribution while 
endemic benthic polymerids remained confined to 
their isolated continental blocks. 

Trilobite di.stribution in the Ordovician has been 
fully explored, and attempts to work out the con¬ 
trols of distribution have on the whole been quite 
successful (Whittington and Hughes, 1972; Cocks 
and Fortey, 1990). It is know'n that the Lower 
Ordovician trilobites arc clearly distributed in 
provinces, apart from a very few genera of cos¬ 
mopolitan distribution. Some of these widespread 
trilobites (e.g. Gera^nostus, Telepliiiia, Sclenecmt) 
could well have been planktonic genera. Otherwise 
no less than four provinces have been defined, 
named after characteristic groups or genera. Each 
province has endemic fiimilics and endemic genera 
of more widely distributed fiimilics. These 
provinces, when plotted on new palacogeographical 
maps (McKerrow and Scotese, 1990), accord very 
well with Early Ordovician continental patterns, 



Number of ribs 


Figure 11.22 Gradual change in rib number in eight contemporaneous trilobite lineages from the Ordovician of Woles. (Redrawn 
from Sheldon, 1987.) 
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and contimi the importance of palaeolatitudc 
as a primary control. The vast continent of 
Gondwanaland spread from tlie South Pole to the 
equator and displays a temperature-controlled latitu¬ 
dinal chne. First, the cold-water high-latitude 
shelves ot this continent carried an indigenous 
'calymenacean-dalmanitacean’ fauna (c.g. 
France, Spam, Central Europe and Turkey), 
Second, the low-latitude shelves of Gondwana 
(now .south China and Australia) carried a ‘dikclo- 
cephalintd fauna. Third, the tropical platforms of 
Laurentia (North America, Sibena and north 
China), carried a fauna of bathyurid trilobites. 
Fourth, the isolated Baltic-Russian platform, lying 
at intermediate latitudes, bears an endemic fauna of 
asaphid tnlobites. Other fossils, c.g. bracliiopods 
and molluscs, arc endemic to these same four 
provinces. 

In the later Ordovician the separate provinces 
tended to mingle as a result of the closer approach of 
the Gondwanaii and Baltic continents. By the 
Caradoc only the ‘calymenacean—dalmaiiitacean’ 
province retained its integrity. The fate of some of 
the niicrocontincnts can be traced by means of their 
bunas. The small continental fragment of Avalonia 
(mainly southern Britain), for example, is known to 
have broken oft Gondwana, migrated northwards 
and united with Laurentia. 

Towards the end of the Ordovician a polar ice 
sheet formed and greatly expanded during the 
Hiniaiitian (the final stage). This caused widespread 
extinction and is considered to be the primary cause 
ot the breakdown of provinciality around the 
Ordovidan-Silunan boundary. 

As well .xs shelf faunas during the Ordovician 
there were deeper-water beiithics marginal to the 
palaeocontinents (c.g. the olenid biofacics in the 
early Ordovician); such deeper-water faunas arc less 
evidently controlled by palaeolatitudc and continen¬ 
tal configurations. 

Following the Himantiaii glaciation, faunas did 
not recover very quickly'. Because the continents 
were close together by this tune tropic.il/tcmperate 
faunas became widely distributed; hence, apart from 
a cold-water CLirkvici fauna, Silurian faunas seem to 
have been more or less cosmopolitan. The diftcren- 
Oation of the Malvino-Kaftric province in Siluro- 
Devonian times (South America, Falkland Islands 
and southcnimost Africa), w'hich is so well eluci¬ 
dated in the brachiopods, appears also to be substan¬ 


tiated in tnlobites. though this is less well known. 
Denvatives of an acastid stock migrated into an 
almost empty region, and diversified exceedingly, 
constituting one ot the most remarkably distinct of 
all faunal provinces (Eldredge and Onniston, 197‘)). 
I’rovinciality in the later rocks is poorly known but 
does not seem to have been great. 

In Arctic North America cosmopolitanism began 
to decrease after Gedinnian time, so the l^evonian as 
.a w'hole seems to have been a time ot increasing 
provinciality. 


Stratigraphical use 

Trilobites are ot considerable stratigraphical value in 
the Cambrian and Ordovician but much less so in 
later rocks, except perhaps locally. The Ciambrian 
system is zoned almost entirely on trilobites, other 
than the basal (Tonunotian) zone. Cambrian trilo- 
bites obey most of the requirements of good zone 
fossils, being abundant and easily recognizable and 
often having short time ranges and wide horizontal 
distribution. They are limited by being distributed 
in the faunal provinces described above and by 
being rather ficies controlled. Though good 
intraprovincial sequences are established, it is only 
possible to correlate beUveen them where faun.as are 
mixed or by using pelagic trilobites. 

The Grdovician system is zoned by graptolites 
(q.v.), established frir the offshore sequences. 
1 lowever, the stratigraphical subdivision of the 
nearshore shelly facies is based upon trilobites and 
brachiopods, which give a refinement of correlation 
of special merit in the Caradoc and Ashgill. In the 
British type area no stages have yet been defined in 
the Arenig, Llanvini and Llandeilo, but only Upper 
and Lower divisions (the Llandeilo has a middle 
division). In the Caradocian, however, eight stages 
have been erected, based mainly on brachiopods 
though with trilobites (csjaecially tnnucleids) giving 
confirmatory evidence. In the Asligillian many 
kinds of trilobites have been used to define several 
zones within the four known stages, so effectively 
that selected areas of lithological monotony have 
been mapped using the trilobite faunas as markers. 
There arc still problems with correlation using 
Ordovician trilobites, mainly because of facies con¬ 
trol and provinciality; there is still, for example, no 
close time correlation between the faunas of various 
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Upper Ordovician reets — Ualarna (Sweden), 
Keislcy (northern England) and Kildare (Ireland) — 
and those ot contemporaneous bedded carbonate or 
nuidstone facies. 

In Silunan and later rocks trilobitcs arc not of 
great stratigraphical value, for other fossils have gen¬ 
erally shorter time ranges or may otherwise be used 
more etfectively, such as the Devonian ammonoids 
and Carboniferous microfossils. On the other hand, 
for local correlation they are certainly of some use, 
and their value as stratigraphical indicators may 
increase (Thomas vl al.. 1*^)S4). 


11 ..4 Phylum Chaiicerata 


Chelicerates (Cam.—l-fec.) include spiders, mites and 
scorpions, as well as the horseshoe crab Uniuliis and 
its living and fossil allies, and the extinct eurypteritls. 
This diverse group of animals w'hich appear so het¬ 
erogeneous are united by possessing the following: 

an antenor prosonia of six segments which is 
equivalent to the fused head and thorax of other 
arthropods; 

a posterior opisthosoma (abdomen) with 12 or 
less segments; 

a pair of jointed pincers (the chcliccrae) which 
give the subphylum its name and which are 
always present in the first (prc-oral) .segment of 
the prosoma. 

Two main groups within the chelicerates arc of 
singular palaeontological and evolutionary interest. 

CLASS I. MEROSTOMATA (C^ani.-Rec.); Aqiuitic chelicerates. 
often of large size. There .ire two siibcl.isses: SUBCLASS 
XII'UOSURA which with its ORDER XII'HOSURIDA 
and ORDER AGLASPIDA includes the IJiiiiitus group and 
their relatives; and SUBCLASS EURYPTERIDA which 
includes the water scorpions of Palaeozoic time. 

CLASS 2. ARACHNIDA (Sil.-Rcc.): Dominantly tcrrestn.il 
fomis, the spiders, mites and scorpions; the latter Ix-ar a 
superficial resemhl.ince to curypterids but are not closely 
related. Though scorpions ate known fi-om the Silunan and 
nutes and spidem from the Devonian, all are rare as fossils, 
other than perhaps the Tertiaiy spiders preserved in amber. 
Fossil scorpions arc known in considerable morphological 
detail, but their study is beyond the scope of this book, and 
arachnids will not be considered further. 


Class Merostomata 

Subclass Xiphosura 
Limulus 

The characters of xiphosures are w'cU displayed by 
the modem Limulus: one of three closely related 
genera which are the only living representatives of 
this subclass. 

Limulus polypliemus (Fig. 11.23a—c), the type 
species, live in shallow waters along the northwest¬ 
ern Atlantic shores. 

In dorsal view it has a vaulted semicircular pro- 
soma, which as in all chelicerates is a fused cephalo- 
thorax articulating with a less vaulted platc-likc 
abdomen, there being a narrow channel incised 
obliquely between the two. From the rear of the 
abdomen springs a strong tenninal spine, the tcison. 
The axial part of the prosoma (cardiac lobe) is 
defined by axial furrows so that it has a superficial 
similarity to a trilobite glabella. Outside the .ixial 
furrows and parallel with them are the ophthalmic 
ridges which curve anteriorly to join medially, at 
which point there arc a pair of small ocelli. There 
are also compound eyes situated in the middle of 
the ophthalmic ridges. These eyes have many lenses, 
but their structure is quite unlike that of trilobites, 
the dioptric parts being composed of invaginations 
of the cuticle which fonn long, inwardly projecting 
cones. These are of parabolic constructions opti¬ 
mized for maximum light collection. Below these 
arc apposition-rype ommatidia, each with a marked 
excentric cell. 

The abdomen articulates to the prosoma along a 
hinge wluch cuts across the primary segmentation. 
Axial ridges are present, and traces of segmentation 
are evident in the tHiigc of six movable spines. The 
strong styliform telson, ridged along its length, is 
nearly as long as the rest of the body and can turn in 
almost any direction. 

The segmentation of the body is readily worked 
out from embryology, but is also clear in the ventral 
morphology of Limulus. The pre-oral segment car¬ 
ries the short, paired, three-jointed chelicerae, and 
the five pairs of post-oral appendages arc arranged 
radially around the mouth within the indented ring 
foniicd by the anterior doublure. These five pairs ol 
post-oral appendages are morphologically similar to 
one another and function as walking legs. Each has a 
basal spinose coxa and several joints. The first four 
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(o) ^9lseom0ru$ 


(j) Bsckwithis 


(H) Aglatpis 


Limutua polyphmmut 


(k) Weinbfgina 


(f) MeaoHmutua watehH 


Merostomofa. (aHe)i,mu/us po^emus (Rec. : (a dorsal view (x 1); (b) ventral view (x 1); (c) fourlb prosomal 
appendage (x 1), (dj swimming upside down wi^ tbe body inclined at an angle to the horizontal; (e) section through prosoma of 
IT'I'l vortex; (f) Moso/imy/us wolchii (Jur.), section through prosoma (more flattened fhan that of 

touM showing wrlex, (g| Pa/oeomerus (L Com.), (h) Aglaspis (reconstructed; L Cam.; xll; (j) Beckwilhia (L, Cam.; x 0.75); (k) 

lx0 751%d°»Jfi ^ ^0-75); (m) fupr^s (U, Cam.; xl); (n), (p) Legrandella (Dev.) in lateral and dorsal views 

r '‘*7' Bergstrom, 1971; (Ti), (j) redrawn after Raasch, 1939; (kHm) 

redrawn trom Stormer in Treatise on Invertebrate Paleonlology, Part P; (n), (p) redrawn from Eldredge, 1974.) 


pain tenninatc in pincer-like chelae; tlic last pair 
are equipped instead with numerous spines and have 
a peg-like outgrowth (the flabellum) attached to 
I the coxa. 

Within the broad ventral doublure of the 
abdomen are six overlapping plates which arc mod¬ 
ified appendages. The first of these is the opercu¬ 
lum, morphologically the eiglith segment which, as 


in all chcliceratcs, bears the genital openings. The 
seventh segment is rudimentary and is apparently 
represented only by a pair of reduced plates. Behind 
the operculum are the succeeding five gill 
appendages which bear the respiratory gills on their 
inner (dorsal) side, where they arc protected against 
desiccation. 
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Life habits of Limulus 

Umultis is a shoreline inhabitant tolerant of a wide 
range of salinities, living in shallow waten and capa¬ 
ble of crawling out for short distances on land. It can 
walk on the sea floor on the prosomal appendages, 
but It can also swim and right itself with the telson if 
oveitumcd. It is an exceedingly versatile animal 
whose life habits have been used with some success 
in interpreting those of trilobites, to which it is the 
closest living relative and to which it has some mor¬ 
phological resemblances. However, there must be 
particular functional reasons for these similarities, 
and the specific uses of the vanous organs must be 
fully understood before such analyses are drawn. 

SWIMMING LIMULUS 

Limuhis nonnally sw'ims upside down (Fig. 11.23d), 
inclined at about ,30° to the horizontal and moving 
at about 10—15cms'‘. It is propelled by both the 
prosomal and opisthosomal appencLigcs. The 
opisthosoinal and sixth pair of prosom.tl appendages 
move in anteriorly advancing waves of metachronal 
rhythm, while the first four pairs of walking legs 
move in phase, extending as they push backwards, 
withdrawing into the prosomal cavity or vault as 
they recover their position. This stroking cycle of 
the first appendages begins directly after the sixth 
prosomal pair have completed their stroke. 

The hydrodynamics of flow in the swimming 
Limulus have been analysed using a model Limulus in 
a flow chamber (Fisher, 1975). In the nomial 
inclined swimming attitude a strong recirculating 
vortex fonns within the prosomal vault. This 
appears to break down or be shed at intervals into 
the wake of the animal prior to re-fonning. The 
vortex is a normal consequence of flow dynamics 
for an object of such a shape and inclination, but it 
seems to be e.xploited by the animal in aiding the 
forward movement of the anterior prosomal 
appendages in the recovery stroke, which would 
otherwise have to push against the current. At 
greater or lesser inclinations the vortex would be less 
effective or absent (Fig. 11.23e,t). 

Similar models of the Jurassic Mcsolimulus walchii, 
which has a much more flattened morphology, 
show that an equivalent vorte.x would operate in a 
similar way provided that the aniniars angle of incli¬ 
nation was less. Hence there is a direct relationship 
between the shape of the prosoma and swimiiiing 
ability, the difl'erent vaultings of Mcsolimulus and 


Limulus being different answers to the same prob¬ 
lem. However, Limulus has more room in which to 
retract its legs and is more effectively adapted for 
burrowing. 

BURROWING LIMULUS 

Limulus is active at night, but duniig the day it bur¬ 
rows 111 below the sediment surface for as much as 
12 h at a time (Eldredgc, 1970). Adult specimens 
have an anterior arch, as do trilobites. At the start of 
the burial procedure the arch is first lowered so that 
the antenor edge of the prosoma comes in contact 
wnth the sea floor; it then digs into the sand as the 
prosomal legs perfomi normal walking moveniciits. 
Sand is pushed backwards, covering the prosoma 
and the antenor third of the opisthosonia. The tel¬ 
son is buried and only makes horizontal movements 
thereafter. The walking legs excavate a burrow, 
pushing the sand up between the prosoma and 
opisthosoma. One of these channels remains open 
when the animal is completely buried. When this 
first stage of burial is effected, the animal is then qui¬ 
escent and lies for a while oxygenating the gills. 
There is then a third stage, when the prosomal legs 
walk forwards once more while the opisthosoma is 
flapped vigorously, using the telson to some extent, 
and stirs up a cloud of sand which settles to cover 
the animal completely. The final stage is one of 
absolute quiescence, only a single respiratory chan¬ 
nel being left open on one side. 

It has been shown experimentally that the dors.il 
setae are used as mechanoreceptors which indicate 
to the animal when it Ls fully buried. The telson is 
covered from start to finish and is only used to a 
limited extent in the third stage. It fiinctions mainly 
as a stabilizer or rudder in the walking or swimming 
individual or in righting one that is overturned. The 
comparative morphology of Limulus and tnlobites in 
such details as the presence of dorsal sensors and the 
vaulted shape of the cephalon suggests that trilobites 
might have spent some of their time burrowed in 
sand, and this is amply borne out by trace fossil 
evidence. 

Other xiphosures and their geological history 
Xiphosures arc rare in the fossil record and, other 
than Limulus and its modern relatives, arc generally 
confined to non-marine sequences. 

The oldest well-known xiphosures belong to the 
Cambnan Order Agla,spida, which are known very 


largely from tlic Upper C'ambnaii of southwestern 
Wisconsin (Raasch, 1939). These have a phosphatic 
exoskeleton in whicli the prosoma Ls typically xipho- 
suran, though with very prominent compound eyes, 
in svhich unfortunately no structure remains. In 
Aglaspis (Fig. 11.23h) the 11 or 12 thoracic segments 
ate free as m most aglaspids, but in Bickuilliui (Fig. 
11.23j) the posterior three or four arc ftised into a 
pygidium-likc plate. In some specimens appendages 
arc preserved. Evidently the first pair bore chelae 
while the rest, including the abdominal ones, were 
.single walking legs. It would be possible to infer that 
evolution in the xiphosurcs proceeded towards flision 
ot the abdominal segments and modification of their 
appendages. However, xiphosure phylogeny Ls 
obscure, and it is not certain whether aglaspids were 
ancestral to any later xiphosures or whether, as is more 
likely, they were simply an early and sterile ‘experi- 
oicntal group. T he oldest arthropod which has been 
referred to Subclass Xiphosura is the Lower Clambrian 
PalMominis (Fig. 11.23g), but it is known from only 
three specimens and could be a relative of some of the 
Burgess Shale arthropods (‘merostomoids’). 

The Xiphosurida nomially have the distinctive 
cardiac lobe and ophthalmic ridges well devclciped, 
and there are 10 cir fewer abdtmiinal segments. 
There arc two suborders. 

eWDER XIPHOSURIDA (Cani.-Rcc.) 

SUBORDER 1. SYNZIPHOSURINA (Ord.-Dev.): .Most or aU 
ot the abdominal segments .irc- free, and the appemlages 
do not appear to be chelate (other than the chcllcerac, 
which are not known with certainty). 

SUBORDER 2, UMULINA (L. Oev.-Rcc.): The abdominal 
segments may be fused, tlioiigh not always, and the 
appendages arc nonnally chelate. 

Much confusion is associated with attempts to cLis- 
afy these animals, since the fossil record is so scanty 
iiid the preservation is often poor. In such cases the 
discovery of a new specimen, especially of a new 
Uxon, often necessitates the taxonomic revision of 
the whole group. A recent classification of the 
Synziphosunna (Eldredgc, 1974) includes only four 
:gciiera; IVeinlwryina (Fig. 11.23k), U'iTamklla (which 
has a large and very Limulus-likc eye; Fig. 1 ).23n), 
Bimodes and Umulouks. The Limuhna, other than 
the peculiar Family Pseudoniscidac, are mainly 
nther similar m constniction to Liintilus. The oldest. 
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the Lower Cambrian Uoliiiuiliis, is known from two 
partial prosomas only. It was marine, as are the 
much better-preserved Devonian genera, but some 
of the Carboniferous and later groups invaded and 
colonized brackish water habitats. The Carbtmi- 
ferous Bdimmts and Hiiproops (Fig. 11.23m) arc small 
forms, often found in nodules deposited in coal 
swamps. In the Carboniferous of Illinois (Chapter 
12), which has been very thoroughly investigated, 
Eiiproops almost always seems to be associated with 
plant remains rather than with other invertebrates of 
ponds and lagoons. Fisher (1979), adducing much 
other evidence, believes that it may have been at 
least partially subacrial, crawling up forest trees, and 
disguising itself to resemble the surf ace of the trees. 

Both Bi’liiiurns and Eiiproops have well-developed 
cardiac lobes and ophthalmic ridges. Bcliiiums, like 
the Devoiuau Ncoheliiiiiropsis, has some free abdom¬ 
inal segments, but in Eiiproops and Liniiiliis the 
whole of the abdomen is fused, though surface 
traces of segmentation are very pronounced and 
incidentally very trilobitc-like. It is of some interest 
that the first free larva of Litiiitliis, when hatched 
from the egg, has a similar pronounced segmenta¬ 
tion in the fused abdomen to the adult Eiiproops. It is 
colloquially known as a 'trilobite larva’ without any 
implication of a close rclationsliip. The prosomal 
appendages of all Liniulina are very similar to 
those of Liiiiiilus. The earliest true liinulid (Rolfeio) 
arose from a bclinurid ancestor in the early 
Carboniferous. One of the largest known fossil 
limuloids is Xaiiiopyramis, described from northcni 
England (Siveter and Seldcn. 1987). It is found m 
shallow-marine deltaic sediments and the single 
specimen is preserved with a current-scour mark in 
front ot the prosoma in the enclosing sediment. This 
large individual, 14 cm across, was probably a bur- 
rower with poor swimming abiUties. 

From the known fossil Limulina it may be 
inferred that there was a general evolutionary trend 
towards a fused short abdomen and larger size. The 
Penuian Paliicoliiiiiiliis, the Triassic Liiiiuliidla and 
the Jurassic .Mesoliiiiulus differ from modem genera 
mainly in their smaller dimensions and their proso¬ 
mal lobation. They were all manne forms. Amemgst 
fos.sil limulids, several specimens exist of the Upper 
Jurassic Mesoliiiiulus from the Solnhofcn Limestone, 
preserved at the end of a trail in wliieh the impnnts 
of the appendages can be clearly seen. 
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Subclass Eurypterida 

The curyptcrids are relatively rare but always spec¬ 
tacular fossils. They ranj'cd from Ordovician to 
Penman and are found in marine, brackish, hyper- 
saline and tfeshwater lithotacies. 

Euiv’pterid niorjiholog\' is well displayed by 
the Silunan Hiilloetir]/plfnis tctra^omiphtUahuus (Fig. 

I l.24a-g), fonnerly known as l-tiryprertts fisdicri. 

The morphology of this species was one of the 
first to be really well understood, largely from the 
work of Holm (1898; and later by Wills, 1965), who 
i.solated tfagments of the exoskeleton from rock, as 
he did with graptolites, so that they could be studied 
as transparencies. In dorsal view the prosoma is 
large and trapezoidal, with prominent compound 
eyes between which are small paired organs, proba¬ 
bly ocelli. Behind this is the opisthosoma, consist¬ 
ing of a broad flattened pre-abdomen of seven 
segments, and a narrower and more cylindrical 
post-abdomen of only five segments, terminating 
in a stout, pointed tclson. Each of the abdominal 
segments is composed of a dorsal tergite and a ven¬ 
tral sternite. The ventral .ippeiidages can be seen 
from the doml surface projecting well beyond the 
body. The ventral morphology is complex. The 
prosoina has a broad inflected doublure with a mar¬ 
ginal suture, used during eedysis, and often with 
paired connective sutures isolating a median dou- 
blural plate (the cpistoina). Within the doublure 
IS a softer integument surrounding the mouth, to 
which the appendages are attached. The first (pre- 
oral) pair of appendages are small chelicerae. Behind 
these post-orally are four pairs of stout, jointed 
walking legs, increasing in size towards the rear legs, 
which are cyhndrical and spiny. The sixth pair of 
prosomal appendages are very large and have the 
ternunal parts flattened like paddles. These last 
appendages were c.tpable of being protracted and 
retracted and were probably used as in swimming, 
in a breaststroke manner. The coxa of each ‘leg’ is 
large and armoured internally with spines projecting 
as gnathobases. A small U-shaped plate (the endos- 
toma) borders the mouth; this is nonnally covered 
by a much larger plate (the metastoma) which is 
actually part of the abdomen and is all that remains 
of the reduced seventh segment. It .ilso covers the 
proximal p.irts of the coxa. 

The pre- and post-abdomen of seven and five seg¬ 
ments. respectively, have been defined on the posi¬ 
tion of the waist, but the abdomen can also be 


separated into a mesosoma and metasonia of six 
segments each. The fomicr bears appendages; the lat¬ 
ter does not. These appendages look like stenutes but 
are m fact true appendages. The seventh segment is 
reduced as the metastoma, while the eighth, as in all 
merostomes, has the genital aperture. I'his segment is 
known as the operculum and, together with the four 
succeeding appendages, is platc-likc and atuched 
along the anterior border so that they all overlap. In 
the centre of the operculum and directed posteriorly 
is the genital appendage, an elongated and elabo¬ 
rately sculptured rod of which two kinds may he pre¬ 
sent in a single curypterid population, suggesting 
sexual dimorphism. In Htiltoeur)’ptt'nis one kind (type 
A) is elongated, and the other kind (type B), though 
tubular, is much shorter; other genera have genital 
appendages that arc of approximately equal length, 
though differently shaped (Fig. Il.24hj). In 
and some other genera type A is consis¬ 
tently associated with ‘cla.sping organs’ on the proso¬ 
mal appendages and seems to have been a male 
copulatory organ; the other type is best interpreted as 
a fenule ovipositor. Traces of internal ducts have 
been distinguished in both kinds. 

The operculum and the succeeding four 
appendages of the pre-abdomen covered chainbeis 
in which the gills were situated. The structure of 
these is known in Sliiiwiiia and better sull m 
Tarsoptcrclla, where the different patterns of intcniaJ 
and external surface sculpture, even in flattened 
specimens (Waterston, 1975), suggested that the gilk 
were specialized vascular tracts of the ventral body 
wall protected by the appendages (Fig. 11.24k). 
More recently (Manning and Dunlop, 1995) it has 
been shown that eury^ptends have a dual respiratory 
system. The branchial chambers housed ‘book 
lungs’ in stacked thin sheets with ribbed surfren 
providing extra potential for respiratory exchange. 
They are very similar to the book lungs of scorpi¬ 
ons. but are delicate and seldom preserved. In 
addition, the gill-tracts, or more properly 
‘Kiemcnplatten’ on the roof of the branchi.il cham¬ 
ber. h.ivc downwardly facing patches of little spines 
covered with small projections in hexagonal 
rosettes. These are interpreted as water-trapping 
devices, linked to the vascular system, and providing 
an additional surface for gaseous exchange. Whereas 
eurypterids were primarily water dwellers, they nuy 
well have been able to nuke excursions on land for 
penods of time. If so the ‘Kienienplatten’, with thru 
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Bsltoaurypturut tatragonophthtimus 



t i" vjiuaiumi luiiti mrougn cuncie or o. retragonopnmalmus, showing inner, non-lamincir layer 

wiHi hne vertical corrals, micldle (laminar layer wilfi laminae more closely spaced externally, and outer layer witli indicoKons of ver- 
teol elcmenh, (h) Sfimcrara acumrnota (Sil.|, type A (?male) geriital appendage; (j| S. ocuminata type B (?female) genital appendages, 
W Torraotereffo (^.) simplified r^onstrucfion of a gill chamber. ((aHe) Redrawn from Stormer in Treatise on Invertebrate 
foleonlology, Pori P; (g) based on Dalingwater, 1975, |j| redrawn from Waterston, 1960; (k) redrawn from Waterston 1975 ] 


|pcmiacntly moist water-covered surt'aces, would 
(fanction as terrestrial lungs. 

Cuticle 

'The cuticle of eurypterids is very thin, and speci- 
(mens are usually cnishcd. It may bear different kinds 
iOt external sculpture, notably terrace lines round the 
jiorder and sometimes on the lower surfaces, and a 
acteristic scale-like ornament from which frag¬ 


mentary remains in sedimentary rock can be imme¬ 
diately distinguished as being curypterid in origin. 

Ultramicrographic work (Dalingwater, 1973a, 
1975) has shown that curypterid cuticles are pre¬ 
served as silica, though undetermined organic mate¬ 
rial was originally present too. The outer cuticular 
zone (Fig. 11.24g). The laminations resemble those 
of Uniiilus in nature, which could be of phyloge¬ 
netic importance. 
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Range in form, evolution and ecology 
(Fig. 11.25) 

Eury'ptcrids arc relatively rare fossils, anti though 
the morphology of some genera is well known, 
others are represented only by very poorly preserved 
material, and there are acute taxonomic problems 
in classifying such isolated remains. Rather than 
desenbing the taxonomic problems in detail, the 
following discussion is confined to a few' selected 
types which show notable and presumably adaptive 
differences in size, prosomal shape, the location of 
the eyes, and the morphology of the btidy, the 
appendages and the telson. A current classification 
(StOrmer, 197(>—RJ74) divides eury'pterids into three 
suborders, each with .issociatcd faniilies and super- 
families: 

SUBCLASS EURYPTERIDA. 

ORDER EURYPTERIDA, 

SUBORDER f EURYPTERINA (Ord.-Pcmi.): Ck-nera with 
snull iintoothed chclicorae; e.g. Urf/hinoptini.^, 
liiiliofiiryptcrtis. Slyhiinnij., Sliiiwriui. .Mi.xoplenis, 
! hnihiiiilkrij. 

SUBORDER 2. PTERYGOTINA (Ord IVv.): Eurspterids 
with ciioniioiis dfndculatr cheliterac; c.g. Phrynolns, 
Jaikrloptims. 

SUBORDER 3. HIBBERTOPTERINA (C.irh.): Genera in 
which the posterior prosomal legs have a hasal exieii- 
ston; c.g. Ilihhrrtoplenis. (kvitpylotvphaliii. 

The Eurypterina, by far the largest suborder, have 
the greatest diversity. Ilip^hinillrriii is relatively small 
and unmodified. Sliiitoiiia has a cgiadrate prosoma, 
antero-latcral eyes and a laterally expanded telson. 
CaraiiofoiiM has a large discoidal pre-abdomen with 
a marked w'aist and a cylindrical post-abdomen and, 
like the fiercely armoured Mixoptmis. it has a telson, 
like that of a scoipsion, apparently modified as a poi¬ 
son spine. The prosomal appendages of Doliclioptems 
are of typical fonn though enormously extended, 
whereas in Slyloiiimts and us relatives all the legs arc 
slender and elongate, even the sixth prosomal 
appendage, and presumably modified for lightly 
walking over muddy surfaces. 

Most eury'pterids seem to have been active ben¬ 
thos, though actively able to swim, fialtoenryptems 
has recently been the subject of a detailed functional 
study by Selden (I'fHl). who used exejuisitely pre¬ 
served, isolated pieces of curyptend, including 
whole legs, from localities in the Baltic Silunan. 
First, it was sluswn that while the radially arranged 
coxae could masticate food by adduction and 


abduction, i.e. by coming together and moving 
apart, they could not be swung to and fro. Second, 
the actual mode of operation of the legs was wcirked 
out from the position and nature of the joints 
between the podonieres. In eury'pterids, as in 
arthropods generally, joints are cither hinges (with 
a single articulation) or pivots (with two articula¬ 
tions on opposite sides of the joint). The legs of 
Ballot’urypicms had pivots proximally and hinges dis- 
tally, and each podomere could rock in one plane 
only relative to the next one but, except w'ith a few 
specialized joints, could not rotate. Successive joints, 
however, have their articulations set in different 
planes (Fig. 11.26a—c), that of the coxa or first 
podomere being subvertical. 

When the leg moved forwards the set of the 
joints ensured that it was lifted up and set down in a 
forward position for the succeeding backward 
stroke. It is probable that only the last three 
appendages were actually used for walking, includ¬ 
ing the paddle-like sixth appendage. 

The sixth appendage, however, could also be 
used for rowing the animal through the water, as an 
an.ilysis of joint patterns shows. If the paddle were to 
function as an oar it would need to present a flat 
vertical surface to the water when pushing back¬ 
wards, but be held horizontally during the recovery 
stroke for minimal resistance; this, in fact, it can do. 
for the joints are so arranged that an actual rotation 
of the blade occuns both at the proximal and the dis¬ 
tal joints of podomere 6. The blade is thus out¬ 
stretched and vertical during the backward 
propulsive stroke and collapsed and horizontal dur¬ 
ing the forward recovery stroke. 

T his rowing technique has been shown to be hinc- 
tioiudly equivalent to the sculling action of modem 
swimming crabs (portunids; Flotnick, 1985), and it 
has been calculated (Selden. 1984) that Bdllprurypiimt 
could have reached a maximum velocity of 2.5 times 
its body length per second. Fterygotids, on the other 
hand, being more hydrofoil-shaped probably cruLsed 
at low speeds with occasional bursts of power, using 
the telson for steering. 

■Some eurypterids at least may have been able tn 
crawl out onto land for short periods. A large trail 
from the Silurian of Ringcrike, Norway, with in- 
phase gait patterns, seems to have been made in this 
way. It is believed to have been made by a large 
Mixopleriis (Flanken and Stdrmer, 1975; Fig. 

I I.25t—h). The trail is 520 mm long and about 160 
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If) Mixopfrus kifri 


Pterygohjs rhenaniae (Dev.); (a) dorsal view; (b) detail of chelicera (x 0.1); (c)Ctenoptefus (Sil.), 
s^nurid (x 0.5); (d) Hughmilleria (Sif.; x 0.35); (e) Campylocephalus (Carb.), ventral view of prosoma, showing large metastoma 
” Msal ej^nsions ori posterior legs t^ical of Hibberlopteridae (x 0.2); (f) Mixopterus kheri (Sil.), dorsal and ventral views (x 0.1 ); 

a Irail in Silurian r^-beds at Rin^ike, Norw^, believed to hove been mode by M. kiaeri (see text) while walking in the position 
fcslroted in (li) (x 0.25 . [(a)-dd), (f) Redrawn from Stormer in Treatise on Invertebrate Paleontology, Part P; e) redrawn from 
wterston, 1957; (g) redrawn from Hanken and Slormer, 1975.] 
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Figure 11.26 Eurypterid funcrional morphology, (a)-(c) Bo/foeurypterus (Sil.); (o) exploded view of second prosomol oppendoge, 
snowing hinge and pivots; (b| arrangement of hinges and pivots between podomeres which facilitates (c), tor the sixth prosomd 
appendage, an oor-like thrust during backward stroke, and minimal resistance to the water during forward recovery stroke; |d| 
Parastylonunji (Sil.) in walking posture, [(a)-(c) Redrawn from Selden, 1981; (d) redrown from Waterston, 1979.) 


mm broad and consists of three sets of paired parallel 
tracks made up of separate successive imprints, 
decreasing m size inwards. The outermost ‘A-tracks’ 
are hook-shaped and would fit with the imprint of 
the paddle-shaped end of the sixth prosomal 
appendage. The intennediate *B-tracks’ and the 
innennost ‘C-tracks’ seem, however, to have been 
made by appendages with flattened spinose ends. A 
long median groove seems to have been made by 
the tip of the genital appendage scraping akmg the 
ground. These various facts fit with the concept of 
the trail being made by a Xlixopiertis walking on the 
fourth, fifth and sixth pairs of appendages, while 
keeping the grasping second and third pairs of 


appendages held out m front of it as a kind of cage. 
Mixoptenis was contemporaneous and was the nght 
size to have made such a trail. Prcsum.ibly the 
eurypterid could also swim, using the retractable 
sixth appendage as a paddle. 

Special adaptations for stability in long-legged 
walking eurypterids have been described by 
Waterston (1979), especially in the Silurian 
stylonurid Parastyloimms (Fig. 11.26d). This genui 
h.is a long pre-abdomen, and it is estimated that the 
centre of gravity would have lain near the widest 
point of the abdomen, at about the third pre- 
abdominal segment. The broad, scimitar-shaped 
flanges (epimera) of the post-abdominal segments, 
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and the broad, keeled tclson would have acted as a 
hydrotbil, giving lift to the posterior part of the ani¬ 
mal, and thereby increasing stability in light currents 
with minimal muscular effort. 

Such generalized types as lialtoeuryptems were 
probably unspecialized feeders. Most curypterids, 
however, were probably predators, their prey being 
other curypterids and fishes. Two different feeding 
types were denved from the unspecialized condi¬ 
tion, the enlarged spinose limbs 11 and III of 
Mixopterus, and the greatly enlarged chcliccrae 
of Pterygotus. The latter were probably kept folded as 
the animal cruised around looking for prey, and 
then rapidly extended for capture. 

In some cases, characteristic euryptcrid associa¬ 
tions can be distinguished and related to environ¬ 
mental conditions. In the Silurian of the Welsh 
Borderland, for example (Kjellesvig-Waenng, 
1961), there seem to be three such associations: (1) 
carcinosomatids and ptcrygotids, associated with a 
rich, nonnal marine fauna; (2) Eurypterinae found 
with rare marine fossils, in sediments probably 
deposited in an inshore environment, probably 
lagoonal or estuarine; (3) brackish to freshwater 
issemblagcs, dominated by stylonurids and hugh- 
milleriids. Most representatives are less than 20 cm 
long, but there are several giant fonns including the 
Devonian Pteryifotm {Krettoptents), the largest arthro¬ 
pod of all time, which reached nearly 2 m in length. 


11 .S Phylum Crustacea 


The arthropod Phylum Crustacea (Fig. 11.27) is sin- 

i pilarly chverse and highly successfiil. 

Crustaceans are mainly manne but there are scaine 
freshwater and a few terrestrial groups; the phylum 
includes not only the familiar crabs, lobsters and 
ihrimps, but also ostracods, copepods, barnacles and 
many other taxa. Although cnistaceans nonnally 
have a chitinous exoskeleton, their range and variety 
d ,|is such that some groups (e.g. adult baniacles with 
y ^ibcir pyramidal external skeleton of calcite plates 
n Jind some of the parasitic taxa) are not inunediately 
•*' incognizable as crustaceans at all. Fossil barnacles are 
le JffcU known, especially from Tertiary deposits 
•St J(Buckeridge, 1983); indeed they were the one 
c- fcoup of which Charles Darwin made a taxonomic 
:d fcudy before embarking upon his Origin of Species. 
ts, 1 In spite of this diversity, however, the homo¬ 


geneity of the phylum has usually been agreed, for 
in all cases the embryo, developing by spiral cleav¬ 
age, subsequently becomes a nauplius larva, com¬ 
mon to all except the most specialized groups. The 
nauplius is a small ovoid larva, invariably with three 
pairs of appendages. These are the uniramous 
antcnnulcs, the biramous antennae and the 
mandibles. In later developmental stages these 
mandibles become differentiated as true jaws, but 
they arc used in the nauplius along with the other 
two pairs of appendages for swimming and feeding. 
The shape and movements of the nauplius were 
described in memorable terms by Garstang (1951); 
‘The nauplius is a wobbly thing, a head without a 
body. He flops about with foolish jerks, a regular 
Tom-Noddy . . .’, for the nauplius is invariably a 
swimming entity, and only after several other devel¬ 
opmental stages, which differ in the various mam 
groups, IS the adult fonn attained. When the adult 
stage is reached, the crustacean retains the anten- 
nules and the antennae, and the mandibles arc 
joined by two other pairs of food-processing 
appendages, the maxillules and maxillae. These five 
pairs of differentiated appendages belong to the 
head, behind which there is usually a thorax and an 
abdomen. These three tagmata (head, thorax and 
abdomen) are possessed by most crustaceans, though 
not by ostracodes. Likewise provided with append¬ 
ages, the head may be fused with the thorax and 
commonly the two are covered by a saddle-like 
dorsal shield, the carapace, which may be free poste¬ 
riorly, xs in many shrimp-like forms, or, as in crabs 
and lobsters, may be fused to the body. Despite 
these .similarities there is some possibility that crus¬ 
taceans are not a natural but a paraphylctic group 
(Briggs and Fortey, 1989), and the position of 
Cambrian crustacean-like arthropods both from the 
Burgess Shale and from Swedish ‘Orsten’ is still 
much debated. 

Tlie ckissification of crustaceans is based on many 
characters, which include the form of the body, 
number of segments, presence or absence of a cara¬ 
pace and in particular the nature of the appendages. 

Eight cla.sses are recognized by McLaughlin 
(1980), ranging from the tiny primitive 
Cephalocarida to the largest and most important 
group, the Malacostraca, which is the only class 
(other than the Ostracoda, usually treated as micro- 
fossils) with a good fossil record. Only four clxsses, 
however, (Remipedia, Malacostraca, Phyllopoda 



398 Arthropods 



(a) C&fatk>csrh (Phylk)canda) 



(b) Pataeocsris (Syncarida) 



(c) TamtUocaHt (Eocanda) 


(d) AcanthosqvUls (Hoplocanda) 



(e) Eryma (Oecapoda) 


Figure 11.27 Molacostracan diversity: (o) Ceratiocahs (Phyllocorida; Sil.; xO.S); (b) Palaeocaris (Syncarida; Carb.; x2|; (c| 
Tealliocaris (Eocarida; Carb.; x 11; (d) Acanthosquilla (Hoplocarida; Rec.; x 0.25); (e) Eryma (Decopoda, Jur.; x 0.5.) 


and MaxilJopoda), are recognized by Schrain (1986), 
who used computer-based cladistic methodology. 
In view of the current flux in crustacean classifica¬ 
tion, 1 here use the more conservative classification 
of McLaughlin. 

In the Malacostraca there are generally paired 
compound eyes, and the antennules and antennae 
are biranious, the latter having a shield-like antennal 
scale or scaphoceritc. The biting jaws (mandibles) 
are formed tfom gnathobases, internal extensions 
of the mandibular appendage that meet in the 
median plane of the body .and roll or grind together 
as the limb moves backwards and forwards. The 
outer part of the mandibular limb may disappear. In 
the Malacostraca there are usually eight pairs of bira- 


mous thoracic limbs, uniform and unspecialized in 
the more pnimtive groups, but often becoming 
greatly differentiated in the more advanced inalacm- 
tracans. Many of the more successful predators have 
chelate or pincer-like appendages, and indeed much 
of the success of the malacostracans is linked to the 
differentiation of the limbs for various purposes: 
feeding, swimming and respiration. The malacostra- 
can abdomen consists of six segments beanng five 
biramous pleopods which are often well developed 
and used in swimming (though they are lost in some 
groups). The last segment has a triangular central 
telson flanked by paired biramous uropods. 

According to McLaughlin (1980) there arc three 
malacostracan subclasses (followed here). Schram 
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(1986), on the other hand, removes the Phyllocarids 
to a separate class. 

SUBCLASS 1. PHYLLCXIARIDA Rcc.); In this jtroup a 

large, bivalved carapace, with an articnl.iring rostnini. covers 
the anterior part of the body but is not titsed to it. The 
antennae and antennules are short, while the inandibles fonn 
powerhil biting jaws. Behind these arc the eight binunous 
and foliaccous thoracopods used in filter feeding. The 
abdomen projects posteriorly frcmi the carapace; it is pro¬ 
vided with up to SIX appendages and temiinates tn a pair of 
leat-like plates (furca). The earliest known phyllocarid is 
possibly Lower Clanibrian in age. Exiiuisitely prcscrs'cd phyl- 
lucarid-bke crustaecans, ('.aihulMjiis and Perspicaris, with pre¬ 
served appendages are known from the Middle Cambrian 
Burgess Shale (Briggs, 1978) and genera such as Hywt'nMaris 
arc sjuite eonmion in the late Cambrian. Phyllocarid.s may be 
abundant in certam facies in the early Palaeozoic, and espe¬ 
cially in marginal marine and possibly br.ickish-water liabi- 
tats. Some of these grew very large; the Silurian ('eriilioiaris 
(Fig. 11.27a), for example, had some representatives reaching 
7.S cm in length, whereas the common recent Nehiitin is only 
about I cm long, and the largest modem phyllocarid 
Nebatiopsis is only -I cm in length. 

SUBCLASS 2 HOPLOCARIDA (Carh.—Rec,): Rcpresciiteil by 
today’s ,S(Jmi7/>), the mantis-shrimp, which like .ill hoplocarids 
IS a marine predator with a distendi*d abdomen and modified 
raptonal thoncopods (ct. Fig. 1 l.27d). Some gener.illy simi- 
br. though sm.illcr fonns from the Carboniferous have also 
been referred to this subclass. 

SUBCLASS 3. EUMALACOSTRACA (Dev.—Rec.); The vast array 
of crabs, lobsters, shnmps. mysids, isopods, amphipods and 
others which make up tins great group are too numerous to 
detail here — McLaughlin (1980) provides a gooil modem 
tuinmary and illustrated descriptions ol representatives of 
vanous groups. There are four eunuilacostracan superorders, 
as defined by her, but cumalacostracan taxonomy is still 
much debated. 

SUPERORDER 1. SYNCARIDA (M. Carb.-Rec.): Small, 
rather elongated crustaceans, primanly lacking a carapace, 
and with biramous thoracic appendages. They have seem- 
ingly evolved by a different path to other cumalacostra- 
cans, in which the carapace is pnmary and. if not present, 
has been secondanly lost. Syiic.irids flourished m the late 
Palaeozoic (Fig. 11.27b). and were only known as fossils 
for many years. In 1892, however, a living genus, 
Anaspides. was discovered living in Tasmanian lakes and 
rivers, and a lew other genera have since been reported 
from the same area. 

SUPERORDER 2. EOCARIDA (M. Oev.—Perm.): A relatively 
diverse group of small, shnmp-like or caridoid fomis. 
swimming crustaceans m which there is a carapace, an 
elongated body with the abdomen often partly curled 
under the body, and a tail fan comprised of the telson and 
flattened uropods w'hich can be rapidly flicked under the 
body so that the animal darted out ol the way of preda¬ 
tors, The cocarids are highly organized and of very mod¬ 


ern appearance (Fig. 1 1.27c), though they have compara¬ 
tively unspecialized appendages which are not provided 
with chelae. The eocands were undoubtedly ancestral to 
all the modem cnistacean groups. These latter include the 
following two superorders. 

SUPERORDER 3. PERACARIDA (?Carb./Penn.-Rcc.): Com¬ 
prises, among other groups, the mysids (caridoid), isopods 
(dorso-ventrally flattened) and amphipods (laterally flat¬ 
tened). They arc generally rather small crustaceans with 
unmineralizcd cuticles, and hence with a rather poor fos¬ 
sil record. T he females have a brood pouch or marsupium 
ill which the eggs develop and whence the young are 
released as miniature adults. 

SUPERORDER 4. EUCARIDA: In this category come the great 
majority of eonmion modem cnistace.iiis. divided into 
two main orders, ORDER F:UI*HAUSIACFA (Rec.) 
and ORDER DECAPODA (Tnas.-Rer.). The 
enphausiids are oceanic swimming caridoids of cos¬ 
mopolitan distnbution which are very important in 
today's oceans, but with a negligible fossil record. The 
decapods, which all have live pairs of thoracic 
appcndiges, include swinmung fonns (shnmps .ind 
prawns) .is w’ell as benthic representatives (the crabs and 
lobsters, and the fresliwater crayfish). 

Shrinip-like cmstaccans of distinctly modem type 
(‘cotarids’) first appeared in the late Devonian and 
underwent a major iidaptivc radiation in the 
Carboniterous. They are usually found in sediments 
of marginal-marine and brackish-water ongin 
(coastal plain and low-lymg swamp environments), 
since it is only these environments wliich provided 
the exceptional circumstances required for the 
preservation of their uiimineralized chitinous 
exoskeletons. It is actually quite likely that ‘shrimps’ 
were common in contemporaneous seas, but were 
not preserved (Hnggs and Clarkson, 1989, 1990). 
These Palaeozoic fonns were largely extinct by the 
late Permian. The appearance of calcified cuticles in 
Mesozoic marine eucarids allows much greater 
preserv'ation potential. 

All eucarids have the carapace fiised with the 
thoracic somites. The compound eyes are stalked, 
and the eggs are earned attached to the abdominal 
appendages. The young, pnmitively hatched as iiau- 
plii, may undergo various free-swimimng traiis- 
fonnations, and are often of bizarre appearance 
before becoming adults. Lobsters and crabs have 
appendages and are highly successful marine preda¬ 
tors. It is probable that the possession of such grasp¬ 
ing pincers (absent in their Ifilaeozoic precursors; 
Fig. 11.27e) has been the most imponant single 
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factor in tltcir success. They are the largest marine 
crustaceans living today and, since their skeletons 
arc reinforced witli calcium carbonate, they have a 
good fossil record. Although some Triassic genera 
arc known, the first real burst of adaptive radiation 
was delayed until the early Junassic. Most of these 
were of rather lobstcr-likc fonii, though some, such 
as the Eryonidac (c.g. Fig. 12.10), had dorso-ven- 
trally compressed carapaces. Most of the Jura.ssic 
groups have survived to the present day but some 
have declined in numbers. The eryonids, for exam¬ 
ple, which formerly inhabited shallow waters, arc 
known today only as blind species from abyssal 
depths. Although modem lobsters are widespread 
and successful, they are represented by many fewer 
genera than the crabs (Urachyura), in which the 
abdomen is very reduced and permanently turned 
under the thorax. These originated m the Lower 
Jurassic and have expanded and diversified ever 
since, having many kinds of adaptively specialized 
characteristics fitting them for life in innumerable 
habitats, and these can be studied from the Mesozoic 
onwards and especially through the Tertiary. From 
their Devono-Carboniferous origins the eumalacos- 
tracans have expanded enonnously into diverse 
environments: a striking example of the radiation of 
a group m which ‘bauplan’ and physiology com¬ 
bined the required degree of evolutionary plasticity 
to allow them to become one of the most successful 
life forms in the sea today. 
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Exceptional faunas; 
ichnology 


In the t'mal chapter we consider two quite ditFerent 
and contrasting dimensions of palaeontology. The 
first concerns exceptionally well-preserved fossil 
faunas, how they come to be preserved and what 
they have to tell us. The second is ichnology, the 
study of trace fossils: the tracks, trails, mines and gal¬ 
leries made by long-vanished creatures, on or in the 
sediment. Whereas the trace makers are not nor¬ 
mally themselves preserved, perhaps paradoxically, 
their behaviour patterns are. These arc two end 
points in palaeontologs', each of which illuminates 
uniquely the history of life on this planet. 


12.1 Introduction 


‘C')nly a fraction of the myriad creatures that have 
lived on the E.arth have left behind traces of their 
existence, and only specific p.arts of those organisms 
have been preserved’ (Briggs, 1991). This statement 
is indeed true, and it emphasizes that the vast 
majonry of fossil .assemblages arc composed only of 
shells or skeletons. Normally we expect to sec 
no more th.an a narrow band of‘prcservable’ organ¬ 
isms from an originally much broader biotic 
spectrum. Accordingly our conception of the 
course of organic evolution through rime is based 
upon ‘a small sample consisting almost entirely of 
animals with preservable hard parts' 0ohnson and 
Richardson, 1969). 

There are, however, rare circumstances where 
fossils occur either in remarkable concentr.ation or 
in outstanding preservation. The geological hori¬ 
zons preserving such remains were temied by 
Scilacher (1970) Fossil-Lagerst3ttcn, which may be 
roughly translated as ‘fossil-bonanzas' or ‘rock bod¬ 
ies unusually rich in palaeontological infonnation'. 

Of these, first there are concentration deposits 
in which, at a particular horizon, exceptionally large 


numbers of fossils are preserved. These include the 
following: 

conden.sation deposits, where the rate of sedi¬ 
mentation has been so slow, that an e.xtcnded 
time period is represented by a thin layer only; 
this may be crowded, for e.xaniple, with 
ammonite shells which had been slowly accumu¬ 
lating for many thousand years; 
placer deposits, such as boiiebeds, where fossil 
material has been concentrated, tor example, by 
tidal lag effects; 

concentration traps such as fissure fillings into 
which small vertebrates lived or fell and were 
buried. 

These concentration deposits have a greater num¬ 
ber, or a more diverse assemblage of fossils than 
usual, but normally preserve no more than shells or 
skeletons. 

Second, there are conservation deposits and 
it is these that may, and often do, provide infomia- 
tion of much higher quality, .and c.an include 
soft-part preservation. Amongst these are the 
following: 

stagnation deposits, where anoxic bottom condi¬ 
tions have precluded tlvc activities of scavengers; 
in black shales thus deposited may be found 
undisturbed and exquisitely preserved remains of 
graptolites or fish; 

obrution deposits, where a rich biota may be pre¬ 
served by rapid burial; in such instances starfish or 
crinoids, which usually break up very soon after 
death, remain intact after being smothered by the 
inrushing sediment and arc fossilized; 
conservation traps, a classic example being the 
trapping of insects in the sticky resm of pine trees, 
which subsequently hardens as amber; 
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concretions, where the fossils are preserved 
within a diagcnetic nodule. 

If, in these cases, anything other than shells or skele¬ 
tons is to be preserved, one condition must be ful¬ 
filled: that diagcnetic changes within the enclosing 
sediment set in rapidly, within hours of death. Now a 
freshly deposited sediment may consist of very hetero¬ 
geneous components, thrown together, and not nec- 
essanly in a stite of chemical equilibrium. This is 
paiticularly tnie if it contains the remains of living 
matenal. The breakdown ot this organic material 
mediated by bacteria may set up reactions which 
restore chemical balance but may alter the character of 
die St diluent profoundly — this is diagenesis, in which 
soft-part fossilization involves the growth of new, i.e. 
.lutliigcnic minerals, hi ceruiii unusual combinations 
of circuin.stance the soft or non-rniiieralized parts may 
be preserved as fibns of phosphate, silicate or kaolinite; 
altcmarively certain organs may be wholly or partially 
pyritized. Rarely, even whole organs such as muscles 
may be preserved in phosphate. 

In general tenns, the rapid burial of fossils, and 
iiio.vic conditions (which inhibit scavenging) fivour 
soft-part preservation, but m the vast majority of 
cases soft parts are preserved only by the growth 
of authigenetic minerals very soon after the death of 
the organisms. Very often sediments are o.xygcnated 
at the stirfru-e and here decay is rapid, but anaerobic 
conditions arc present below. In anoxic layers decay 
is iiiliibitcd but not halted. There may be chemically 
stratified zones within the sediment where different 
kinds of bacterial indicators operate (Berner I9S1- 
Allison, 198Sa,b, 1990). Three mam parameters:' 
rate ot burial, salinity and organic content, control 
tlie geochemistry of the sediments, and in difierent 
combinations lead to different authigeneric minerals 
(Fig. 12.11). These minerals are pynte, c.irbonates 
(calcite or sidente), phosphates and silica. 

Pyrite preservation of soft parts is favoured by 
rapid bun.al. a low organic content and normal 
or ncar-nonnal salinity, and sulphate ions must be 
available. Carbonate precipitation is likely to take 
place when burial is rapicl and organic content is 
high. In low-salinity conditions, siderite tends to be 
deposited whereas noniial salinity leads to calcite 
preservation. The conditions required for phospha- 
tization of soft parts are a low rate of burial and a 
high organic content. Vivianite is deposited in low 
salinity, apatite in normal marine conditions. 


Calcium phosphate (apatite or Huorapatite) pre¬ 
serves details of structure better than any other 
authigenetic mineral. However, it will not fonn 
where the concentration of HCO^ ions is high; 
such alkaline conditions will activate in.stcad the 
precipitation of calcium carbonate, and this ‘default 
mechanisin’ has to be .switched off if calcium phos¬ 
phate is to form (Briggs and Wilby, 1996). 
Experiments on decaying shrimps in normal ‘open’ 
conditions show that CaCO, crystals begin to pre¬ 
cipitate withm 3 days of death. Phosphate, however, 
only precipitates in low-pH conditions, as favoured 
by ‘closed’ anoxic conditions, and influenced by 
microbial activity (Briggs and Rear, 1994). The bal¬ 
ance, however, is delicate, and initially phosphatized 
tLssue may be overgrown by, or is found in close 
association with bundles of CaCO^ crystals - the 
result of a localized rise of pi 1. 

One remarkable example of sequential authigenic 
mineralization has been described from the [urassic 
of La Voulte stir Rhone, France (Wilby, 1996). 
Here there is a diverse fauna of marine invertebrates 
preserved in three dimensions, in a shaly deposit 
with stratabound minerals, laid down in a restricted 
basin. In concretions from within the shales, 
uncrushed animals are uniquely preserved. Apatite 
fonned early as a template upon which other miner¬ 
als formed in succession: calcite, then ± gypsum, 
pyritc tchalcopynte and finally galena, and differ¬ 
ent kinds of tissue were preserved by different min¬ 
erals. 

I here arc three common modes of preservation by 
authigenic minerals: pennineralizarion of soft tissues, 
mineral coats and tissue moulds. Pcnnineralization. 
the replacement of such structure as muscle fibres, is 
very rare and where found (.as in the muscles of 
Clretaccous fish ffom Brazil; Martill, 1988) must have 
taken place within hours of death. Only phosphates, 
the earliest authigenetic minerals to form, can per- 
mineralize in this way, but they may also affect more 
durable material such as cellulose or chitin. 

Mineral coats, the commonest mode of occur¬ 
rence, may be of phosphate, carbonate or pyrite. 
The surface of the organism acts as a template for 
the formation of nunerals, whose precipitation is 
often initiated or mediated by bactena. These min¬ 
erals form coats on the surface, and though the soft 
parts decay, their external coating does not, remain¬ 
ing as a pseudomorph of the soft tissues. Wcll- 
knovvni examples such as the Burgess Shale, the 
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Swedish anthraconites, the Hiinsriickschiefer and 
the McsscI Oil Shale are so preserved. At certain 
periods in the Earth's history, particular nunerals 
seem to have been particularly abundant. There 
was, for instance, a remarkable amount of phosphate 
in the early and Mid-Cambrian (Cook and 
Shergold, 1984), hence phosphate coatings were 
particularly common at this time. Silica may also 
form mineral coats, encrusting small trilobites and 
brachiopods, for example, and fossil plants are some¬ 
times found in three dimensions, with cellular detail 
precisely replicated by silica coating. 

Tissue casts are fonned by the stabilization of sed¬ 
iments through diagenesis but before the rock 
hnally lithifies. Faunas found in siliceous or calcare¬ 
ous nodules (c.g. the Mazon Creek and similar bio¬ 
tas) are fomicd through such processes. Finally the 
Ediacaran faunas of South Australia (Chapter 3) 
were preserved by lithification of the containing 
sand, which underwent very little compaction so 
that the fomi of the organisms was retained. 

Fossil-Lagerstatten can tell us first much about the 
anatomy and relationships of animals otherwise 
known only from hard parts. The discovery of 
phosphatized ‘conodont animals' in the Scottish 
Carboniferous illustrates this nicely (Briggs et al., 
1983); the tooth-like conodonts, the only preserv- 
able parts of an otherwise soft-bodied creature, had 
been known for 125 years previously but not the 
animal that bore them. Second, they tell us about 
the nature of entirely soft-bodied or otherwise nor¬ 
mally non-preservable animals, and in some cases 
show the complete spectnim of animals in ancient 
conmiunities. In this context, the study of Cambrian 
LagerstStten has totally altered our perspective on 
early Phanerozoic hfe. What has emerged so clearly 
is that the ‘explosion’ of life in Cambrian times gave 
nse to a diversity of fomts surpassing that of hving 
creatures today. This concept, nowadays almost 
taken for granted, would have been inconceivable 
without the Lagerstatten. The third potential of 
Fossil-Lagerstatten hes in molecular palaeontology, 
which will not be pursued further here. 

There has been much interest in ‘extraordinary’ 
fossil biotas of late (c.g. Whittington and Conway 
Morris, 1985; Gould, 1990; Simonetta and Conway 
Moms, 1991; Briggs, 1991; Allison and Briggs, 
1991), both in the processes of fossihzation and the 
nature of the biotas themselves. It is surprising how 


many occurrences there arc of fossil assemblages 
with soft-part preservation; over 60 sites have 
been documented, and such Lagerstatten occur in 
virtually all the geological systems. The following 
list (modified from Briggs, 1991) gives an indication 
of where some of the more important ones lie. 
Some sites of greater interest from the palacobotani- 
cal/early terrestrial faunal and vertebrate point of 
view are included here also. 

EOCENE. Cirubc McsscI, Frankfurt, Clenmny 
Lake deposit, plants, vertebrates, insects 
(Franzen, 1985) 

EOCENE. Cireen River, Wyoming 

Large lake deposit. Fish and other vertebrates 

(Cirande, 1984) 

CRETACEOUS. Sienra de Montscch, Spain 
Web-weaving spiders, insects, crustaceans, vertebrates 
(Scldcn, 1990) 

CRETACEOUS. Santana, Brazil 

Fish with preserved niLLscle fibres, pterosaurs with wings 

(Martin, 1988, 1993) 

U. JURASSIC. Solnhofen, Germany 
(sec text) 

M. JURASSIC. Christian Malford, England 
Soft-bodied squids 
(Allison, 1988a) 

L. JURASSIC. Holzmadcn, Germany 
Reptiles, crustaceans, cephalopods 
(HaufF and Flauff, 1981) 

TRIASSIC. Gres a Voltzia, France 

Deltaic deposits, plants, insects, and terrestrial organisins arc 
al.so aquatic fish and crustaceans 
(Briggs and Gall, 1990) 

U. CARBONIFEROUS. Mazon Creek, Illinois 

Deltaic and nearshore marine biotas, and equivalents in 

Englaiid and France (see text) 

1. CARBONIFEROUS. Scottish Carboniferous ‘shrimp beds'. 
Crustaceans, conodont animals, toinupterid worms, fish, 
chordates 

(Briggs and C^larkson, 1983, 1985; Briggs et al., 1991b) 

L CARBONIFEROUS. East Kirkton, Scotland 

FTot spring deposits, plants, amphibians, reptiles, scorpions 

(Rolfe. 1988) 
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1 2.2 Burgess Shale fauna 


(Figs 12.1-12.4) 


In 1909 the American geologist Charl< 

:s D. Walcott 

was engaged in a reconnaissance si 
Cambrian iteologv of the Mount 

irvey of the 
-icld area in 
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British Columbia. Canada. In the process he found a 
single dislodged slab of rock containing a remarkable 
assemblage of previously unknown fossils, and he 
went back the next year to find the horizon from 
which it came. When the productive sequence in 
the Middle Cambrian Burgess Shale had been suc¬ 
cessfully located, he excavated and intensively quar¬ 
ried it, discovering not only trilobites with their 
appendages preserved but also a very diverse suite of 
other arthropods, numerous wonns, a curious crea¬ 
ture like the inodeni onychophoran Peripatus, 
echinoderms, brachiopods and early molluscs, as 
well as sponges and algae. There were .ilso many 
other animals which are not a,ssignable to any living 
phylum. Walcott's quarrying activities between 
1910 and 1917 produced several tens of thousands 
of specimens from what he called the ‘Bhyllopod 
bed’ and resulted in diverse publications by himself 
and other authors. In 1907-1968, under the direc¬ 
tion ot H.B. Whittington, many thousands of new 
specimens, including parts and counterparts, were 
collected from Walcott’s phyllopod bed and from a 
level (the Kayniond Quarry) 23 m higher in the 
section, and these have been intensively studied 
since. 

All the soft-bodied and thin-shelled fossils are 
flattened, preserved as a dark film which wholly or 
partly reflects light; pyrite may be associated with 
the film. This film consists of calcium aluminosili¬ 
cates with additional magnesium in the more reflec¬ 
tive .areas. The m.ijoriry of specimens lie flat upon 
the bedding planes, but many others lie at an 
oblique angle tea the bedding with their spines and 
appendages at different levels (big. 12.1). In either 
orientation of prescrvatican, different surfaces of the 
body separate on part and counterpart, so both are 
needed for a hill interpretation of structure. Since 
Walcott did not make use caf both faces for study, 
some caf his interpretanons have been found to be in 
error. 

The Burgess Shale was apparently deposited in 
relabvely deep water off a submarine limestone 
escarpment on or near a deep-sea fan. The fauna 
lived on the mud surfice below the bank or swam 
just above it, and it was overwhelmed by a turbidity 
current of fine suspended sediment which flowed 
down the slope and transported the animals to an 
anaerobic environment, not tar away, where they 
were preserved. It is thus, with reference to 
Seilachcr's scheme, an obrution deposit. This 


explains the attitudes of the anuuais in the sediiiient 
and the completeness of most of the specimens. 


Arthropods (Fig. 1 2.2) 

Arthropods account for the largest fraction ot the 
biota (37%). The trilobites, of which Oknouies has 
preserved appendages, are mainly benthic, but there 
are also serine pelagic agnostids and eodiscids. 
Karaoia, which has an unmineralized exoskeleton. is 
a unique kind of trilobite with a large cephaloii and 
a posterior shield (thoracopygidium). However, if 
has uniramous antennae and typically trilobitan 
appendages. Tcfiopeltv is a second soft-bodied tnlo- 
bite and it is very large. It has a cephalon and pygid- 
iuni, but the three divisions of the thorax embrace 
three or four body somites. 

The non-trilobite arthropods of the Burgess Shale 
were until recently classified together as Class 
Trilobitoidea, since their appendages seemed to be 
generally birainous with leg and gill branches like 
those of trilobites. 1 lowcver, recent work has 
shown that this supposeci resemblance is evident 
only in a few genera and even in these is not espe¬ 
cially close. The possession of birainous limbs is in 
any case no more than a sympleisomctrphy; a het- 
itage from an original arthropod ancestor with seri¬ 
ally unifonn limbs, and therefore no guide to 
affinity. 

Mamlla splcndnts, the commonest and perhaps the 
most elegant of the arthropod fauna, has a wedge- 
shaped cephalic shield with four long, backwardly 
directed spines, the posterior pair of which have 
crenulated margins. On the ventral surface is a two- 
spined labnini near which are attached the two pain 
of antennae: the first pair are long, flexible, multi- 
jointed rods; the second pair are six-segmented wth 
setose distal joints. Behind the head is the cylindneal 
segmented body which is devoid of pleurae. Each of 
the 2.5 somites has a pair of birainous appendages 
which possess a jointed walking leg and a feathery 
gill branch above it. The latter was probably capable 
c)f rotation backwards and forwards about a hon- 
zontal axis, and the combined rotary effects of .all gill 
branches could have enabled Manvlla to swim. Rare 
specimens are preserved with the intestine isolated 
from the body. The affinity of Marrt'lla with other 
arthropods is still uncertain. The resemblance 
between the Cambrian Marrella and the Devonian 
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Figure 12.2 Arttiropods from the Burgess Shale: (a) Marrella, dorsal view (x 2 approx.); (b| 0<Jaraia, lateral view (x 0.75); (c) 
Pfencxaris, darsal view (x 1); (d) Canackispis, lateral view, showing structure of the appendages (xl); (e) Burgessia, dorsal view and 
appendage structure (x 1.5); (f) Sidneyia, dorsal view (x 0.5); (g) Actaeus, lateral view (x 2.5); (h) Emeraldella, antero-lateral view 
(x 1); (j)/ (h) Leanchoilia, dorsal and lateral views (x 1); (I) Naraoia, dorsal view, showing appendages (x 0.6). (Redrawn from Briggs, 
Bruton, Conwoy Morris, Hughes and Whittington, see text.) 


* 
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Mimetasttr (q.v.) may point to a real affinity and 
indicate the survival of this stock until much later, 
but on the other hand the siinilarities may be sym- 
plesiomorphic. 

The second commonest species, C'atiadaspis pei- 
fecta, IS at present regarded as the earhest positively 
identified crustacean; it is a phyllocand with a cara¬ 
pace covering most of the body. There are two pairs 
of antennae, a mandible pair and ten pairs of bira- 
mous appendages. It was probably a benthic feeder 
and IS often found in clusters. 

liurgcisia hclla has a large, convex carapace cover¬ 
ing the whole body except for the terminal tail 
spine, which emerges under a posterior indentation 
and is nearly twice as long as the body. The body is 
rod-like, and the cephalic region is followed by 
eight segments and a telson in front of the spine. A 
pair of very crenulated kidney-shaped organs occu¬ 
pies the lateral parts of the carapace. These have 
been interpreted as digestive diverticulae. There is a 
pair of long, multijointed, uniramous antennae pro¬ 
jecting in front of the carapace. The cephalic region 
bears three pairs of biramous, jointed legs. The coxa 
of each bears an inner branch of six podomeres, 
identical with the seven pairs of legs on the trunk. 
The outer branch of these appendages has the form 
of whip-like flagellae. I'he w-ilking legs of the trunk 
bear small, lateral, leaf-like plates which were prob¬ 
ably gills, seemingly attached to the coxa. 

Pk»o<aris may be a primitive crustacean. Its 
bivalvcd carapace covers the anterior part of the 
body, which bears one pair of antennae and proba¬ 
bly three pairs of indetenninate appendages. Behind 
this the 12-scgmented body tenninates in a caudal 
frirca; little is known of the limb morphology. The 
affinities of Pleiwcaris arc unclear. It is not a phyllo- 
carid, even though it superficially appears to be so. 

VVaptia is a shnmp-like form witli a carapace and 
long antennae. I^anchoilia (Fig. 12.2j), which was 
probably a detritus feeder, has a long trilobed btidy 
with a well-defined cephalic part and trunk seg¬ 
ments with pleura. The great appendage of the head 
has a ba.sal joint with four podomeres of which the 
distal one is clawed and with a long extension. The 
biramous trunk appendages have a leg and gill 
branch. 

The rare OJaraia possesses a long body with up to 
45 trunk somites, with biramous limbs and a 
remarkable carapace so structured that it resembles a 
cybnder with the appendage series enclosed within 


it. There is a large anterior pair of eyes and a massive 
tail with three large flukes which extends posteriorly 
from the carapace. 

Sidneyia is the most abundant large arthropod 
from the Burge.ss Shale. Its body is superficially 
inerostome-like and terminates in a fan-like tail, but 
the presence of antennae and the absence of che- 
licerae suggest that it is not a merostome. The legs, 
however, which are provided with gills posteriorly, 
are in some respects not dissimilar to those of 
Umulus. Gut contents, which include small trilobites 
and hyohthids, show that this large animal was a 
predator. The smaller Emvraldella is again rather 
merostome-like, with a long tenmnal tail spine, but 
has antennae and biramous hmbs. Ai'taens is of 
somewhat similar morphology. 

There are several other, rare, small arthropod 
genera, such as Habclia and Molaria, which extend 
the range of diversity, and the list given here is by 
no means exhaustive. 


Lobopods 

One of the invertebrates originally described by 
Walcott is Ayslieia (Fig. 12.3h). It is an annulated, 
caterpillar-shaped creature, with an anterior pair 
of branched appendages and ten following pairs 
of short conical, and likewise annulated ‘legs'. It 
resembles the modem Peripatiis (Class Onycho- 
phora): a terrestrial uniraniian which lives in damp 
soil in the jungles of Minas Gerais and cLsewherc in 
Brazil. The characters of Peripatiis are in many ways 
intermediate between those of annelids and arthro¬ 
pods, preserving, for example, the paired segmental 
excretory organs of the segmented wonns, together 
with an annelid-like eye and a muscular body wall 
covered by a thin cuticle. Yet die coelom is arthro- 
podan, and the presence of tracheae — ramifying 
capillaries connecting to the outside and bringing in 
air to the tissue like those of in.sects — links Peripatiis 
with arthropods. The legs of Peripatus move in 
metachronal rhythm but are unjointed. Their ngid- 
ity depends upon the antagonistic operation of mus¬ 
cles against coelomic fluid, so that they can lengthen 
and be rigid while pressing backwards, diereafter 
shortening before the next forward stroke. Peripatus 
is highly adapted for terrestrial life and is well 
defended, being capable of entangling predators 
with a sticky secretion from glands below the eye 
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Aysheaia differs from Pcripatus in some rather funda¬ 
mental anatomical respects, and not only m being 
marine. It is probably not a true onychophoran, but 
is best considered as a lobopod*, a term which 
embraces all such uniramians, including Pcripnius. 
Aysheia is often found associated with sponges and 
may have fed upon them. 

Opabiiua rt't^alis has an elongated, segmented 
body, in which the head possesses five mushroom- 
bke eyes. From the front of the head e.xtends a long, 
flexible process terminating in two groups of spines 
tacmg each other in a pincer-like fashion. Behind 
the head is an elongated cylindrical body of 15 seg¬ 
ments with a tailpiece having upwardly turned 
lobes. All the segments bear a pair of appcnd,ages, 
each being a lanceolate gill-blade overlying a flat 
paddle-like lobe. These were fixed and quite rigid, 
though possibly capable ot movement in an up-and- 
down plane. The flexible frontal proce.ss could reach 
round to the mouth, which was located ventrally 
and 111 the posterior part of the head, and it was 
probably used to c.xplore for and convey food to the 
mouth. Uudd (1996), when comparing Opahinia 
with new and similar material from breenland, 
found limbs below the body. These arc ringed, 
inflatable limbs of lobopod type, and this bizarre 
animal is reinterpreted as a lobopod, and presumably 
of benthic habit. 

Another Burgess Shale curiosity, Hiillucii^cnui, may 
belong to this same stock. Known from only a very 
few specimens, it was originally reconstructed as an 
animal that walked on seven pairs of stiff movable 
spines, supporting a cylindncal trunk wnth a globular 
head, from which seven vertical tentacles arose. The 
discovery, however, of spiny catcrpillar-Iikc animals 
in the Lower Cambrian Chengjiang Lagerstatte in 
China, which have many features in conunon with 
Hallucigcma, suggests an alternative interpretation 
(Ramskbld and Hou, 1991; Bengtson, 1991), For 
Hallucigeiiitt, turned upside-down is very similar to 
the Chinese animal. The latter has paired 
appendages each with a terminal claw; and it now 
wems most likely that the unpaired appearance of 
tentacles (in walking legs) of HitUudgenia results 
from impertcct preserv-ation of one set due to the 
position in which it was buried The bizarre 
Halltidgeiua is therefore probably an ‘annoured 
lobopod , an onychophoran-like animal of the same 
group as the Chinese fossil. This latter, incidentally, 

IS known as Mkrodiciyon. It bears a chain of oval 


plates along the body, each with a net-like orna¬ 
ment and usually a short spine. Such plates, which 
often appear in residues ot dissolved Lower 
Cambrian limestone, were described long before the 
soft-bodied lobopods were known, but since the 
plates are now understood to be part of the ‘lobo- 
pod’, the whole animal now bears the name. In 
addition, the ‘spines’ of Halludgenia (originally 
thought to be the ‘legs’) are homologous with those 
.same net-like plates, but with a much more elon¬ 
gated central ‘thoni’. 

Lobopods were a significant component of the 
Cambrian radiation. Some of the other peculiar 
Burgess Shale animals may belong here, including 
(Budd, 1996) the largest of all, Anomaheatis. This has 
a segmented, flattened, diamond-shaped body with 
11 pairs of closely spaced, overlapping lateral fins. 
These probably undulated in a series of waves, thus 
propelling the animal forward. Near the mouth are a 
pair of giant, spiny segmented appendages, the 
catching apparatus of a predatorial hunter. These 
structures are sometimes preserved in isolation, and 
were once believed to represent the .abdomen of a 
crustacean. A circlet of plates surrounding the 
mouth, and fonning a diaphragm with serrated cut- 
ting teeth, was previously likewise known only in 
Isolation. For some 70 years this organ, named 
Pcyloia, had been believed to be a lellyfish! 


Other invertebrates (Figs 1 2.3, 1 2.4) 

The earliest of .ill crinoids. EcUmatoenum (Fig. 9.31), is 
found in the Burgess Shale. It has a large conic.al calyx 
ot irregular plates and plated uniserial amis. There are 
also eoennoids and a possible holothurian and 
etWo-isteroid. Molluscs are rare other than hyolitliids 
(it these are indeed molluscs). 

The curious plated li’iwaxin, with its vertical 
defensive spines, may well belong to a distinct phy¬ 
lum. Lophophorates iiidude standard Cambnan 
inarticulate brachiopods and also the peculiar 
Odoiitogripliih. This organism is about 6 cm long, 
and its body is flat and annulated with a poorly 
defined head of semicircular fomi. On the head arc 
a pair ot lateral palps (sensory organs) of rather indis¬ 
tinct morphology and also a bilaterally symmetrical 
median structure forming a pair of loops. This appa¬ 
ratus lies at the front end of tubular gut and bears 
some 25 thom-hke ‘teeth’. The teeth were origi- 
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(a) Burgessochaeta 


■'V' 


(f) Odontogriphus 


(b) Anomahocaris 


(j) Lingulella 


Figure 12.3 Worms, lobopods and other invertebrates from the Burgess Shale: (a) Burgessochaeta (x 3); (b), (c) Anomalocaris. (b| 
ventral view and (c) great appendage of same in lateral view (x 0,25); (d) Opabina, interpreted as a lobopod, antero-lateral view 
(x 1); (e) Hallucigenia, interpreted as a lobopod (x 1.5); |f) Odontogriphus (x 0.5), and (g) reconstruction of its lophophore and ten¬ 
tacles; (h)A>^heia, a lobopod (x 1.5); |j) Lingulella, a linguliform brachiopod (x 3). [Basra on various sources, chieHy Briggs et al., 
1994; (d) based on Budd,1996; (e) based on Ramskold and Hou, 1991.] 


nally thought to be possible conodonts, but since 
the discovery of a tnie ‘conodont animal’ (Bnggs ci 
al., 1083) of quite different morphology, this now 
seems unlikely. The ‘teeth’ of Odontogriphus were 
probably not biting or rasping teeth; they have been 
interpreted as the supports for a food-gathering 
apparatus having the fonn of a ‘tentacular lophophore’ 
(Conway Morris, 1079). Such tentacular lophophorcs 
are found in modern brachiopoefs, tube-dwelling 
phoronid ‘wonns’ and bryozoans, which arc all 
commonly Unked together in Superphylum Lopho- 
phorata. In these the lophophore, at least in its initial 
stages of development, is of remarkably constant 


fonn and is, incidentally, bilaterally looped like that 
of Odontogriphus. There seems to be a good case for 
aligning Odontos;riphns with the Lophophorata as an 
early derivative of the same superphylum. 

The only annelids represented are polychaerc 
worms (c.g. Burgessochaeta) and these played a rela¬ 
tively minor role in the fiiuna. None of these have 
jaws, for these were not acquired until the Ordo¬ 
vician. Canadia, like modem polychaetes, has two 
paired sets of parapodia (bundles of stiff bnstlcs) for 
each segment. This is the only genus that might be 
related to any modem family; none of the others 
are. 
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1 There are five species of priapiilids whose present- 
bv representatives have a similar retractable spiny 
hoscis and annulated body to Cambrian pria- 
ulids (e.g. Otlcia). Modem priapiilids arc very unim- 
■Tant, living mainly as cold-water benthos, though 
group is cndoparasitic. Cambrian fomis arc 
lore diverse but, as infaunal carnivores, seem to 
ivc been displaced from their original environment 
^jipredatorial polychaetes later in geological time. 

( There are a tew cnidarians and a very abundant 
md rich fauna of sponges, (e.g. Gntmillospcugia, 
•ttia) most of which can be referred to the demo- 
Snges and hcxactincllids; there are also some lin- 
hte brachiopods. At the other end of the 
logical spectrum is the primitive and rather fish- 
Ikc Pikaia, which seems to have a notochord and 
oil-shaped blocks ol muscle (myotonies) typi- 
liofchordates. 

llhe position of Ditmitiscluis is unclear, but the 
^ndy described ntaumaptUou, so similar in many 
^ to the Ediacaran Chaniiodiscus, may prove to 
imrvivor from the later Proterozoic. 


Significance of tfie Burgess shale faunas 

Ecology 

The community structure of the Burgess Shale 
fauna at its type locality has been analysed by 
Conway Morris (1986), Shelly faunas comprise no 
more than 20% of the genera (and perhaps no more 
than 2/n of individuals). The soft-bodied or lightly 
skeletonized faunas are far more abundant and these 
can generally be analysed in terms of feeding habits, 
and a food web can be established. In the benthic 
assemblage there were vagrant benthic deposit feed¬ 
ers (mainly arthropods), infaunal carnivores and 
scavengers (chiefly priapiilids), epifaunal suspension 
feeders (sponges and brachiopods) and infaunal ses¬ 
sile suspension fecdci-s (hemichordates). There arc 
also large obvious predators such as Aiiomaloi-aris, 
and Oitoia seems to have been cannibahstic. The 
divenity of feeding types and their independence 
shows quite clearly that the fundamental trophic 
structure of marine metazoans was already estab¬ 
lished by the Middle Cambrian and possibly earlier. 
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Geographical distribution 

In Middle Cambrian tunes the Laiirentian conti¬ 
nent. in which the Uurgess Sliale occurs, lay isolated 
and in an equatorial position. It might be expected 
that other equivalent and contemporaneous faunas 
would be found in Laurentia, and this has indeed 
proved to be so. In liritish Columbia, new discover¬ 
ies from at least a dozen sites (Collins ct ai, 19h3) 
show that locally, at least, the Burgess Shale fauna 
was widespread. The faunas of these localities arc 
broadly similar to those of Walcott's quarry, thougli 
some quite new animals, c.g. the early cheliccratc 
Satictacaris (‘Santa Claws’; Briggs and Collins, l‘)KS) 
have been reported. 

Further afield there are other Laiirentian Middle 
Cambrian Lagcrsuitten, which arc less well known 
but of exceptional interc*st. In Utah (Robison, 1991) 
there arc no less than four, m the Spence, Wheeler 
and Maijum Formations, where soft-bodied animals 
also occur with echinodenns, trilobitcs, bra- 
chiopods, hyoliths and sponges. Of the non-trilobite 
arthropods, worms and sponges, many also occur 
in the Burgess Shale. The Kinzers Sh.ale in 
Pennsylvania, poorly exposed and tcctonized 
though it is has likewise clear similarities. The avail¬ 
able evidence therefore suggests that, at le.ast in 
Laurentia, Burgess Shale biotas are only unusual in 
the way they are preserved and not in their taxo¬ 
nomic content and distribution. Such taunas may 
indeed have been global in their distribution. The 
new discoveries of Lower Cambrian but similar fau¬ 
nas m China and elsewhere (q.v.) coiuluce to the 
view (Conway Morris, 19S9) that Burgess Shale 
type faunas represent a widely distributed offshore 
benthic fauna, quite long-ranged (L.-M. Cam.) and 
. with an evolutionarily conservative aspect. 

Diversity 

The Burgess Shale fauna at its type locality in British 
Columbia is e.xtraordiiiarily diverse, with over 140 
species in 119 separate genera. It forms a major part 
of the ‘Cambnan evolutionary fauna’ (Chapter 3), 
which otherwise is known only from the hard- 
shelled trilobites, inarticulate brachiopods, etc. 
Whereas some genera, such as the crinoid 
EditiiiUocriiius, the crustacean Cimaiiaspis and the 
cheliccratc SaiicUiCims, are the earliest known repre¬ 
sentatives of later, important groups, very many oth¬ 
ers cannot be classified. In terms of the number of 
different kinds of body plans they show a bewilder¬ 


ing diversity. Even though Halludgivk (formerly 
seen as the most bizarre and peculiar of all tlic 
Burgess animals) is now best interpreted as a much 
more ‘respectable’ onychophoran-like ‘lobopod‘, 
the spectrum of diversity is still extraordinary, There 
thus arises a taxonomic conundrum which led 
Whittington (1985) to say ‘If we knew more of the 
soft-bodied faunas of the Fhancrozoic, our major 
subdivisions of invertebrates might be viewed differ¬ 
ently’. More recently Gould (1990) has eloquently 
explored this whole concept. In tracing the history 
of research he shows how Walcott, in his otherwise 
admirable work, had tried to ‘slioehorn’ the animals 
into established systematic categones. He did not 
realize that the vast diversity which the Burgess 
Shale animals represented was the key to a new 
dimension of evolutionary thinking. He ‘interpreted 
them along the path of least resistance' as ‘priimtive 
versions of later improvements’. Only when they 
had been rcstudied by Whittington and his team and 
new concepts had taken hold, w'as the full signifi¬ 
cance of these Cambrian organisms realized, It is 
their diversity in tenns of body plans that is impor¬ 
tant; the genera seldom have more than one species 
and they are separated one from another by wide 
morphological gaps. Thus early Phanerozoic life 
shows an explosion of diversity, far greater in vancty 
than today’s whole fauna. We do not find a gradual 
incrc.ase of diversity but ciuitc the opposite. The 
‘tree of life’ arising from a root and later floiirishing 
into many branches is unrealistic — a better garden 
analogy would be a ‘grass lawn’. The E.irly to 
Middle Cambrian record reveals a great burst of' 
radiation in which marine organisms diversified 
along many parallel though distinct lines. The elim¬ 
ination of many of these types through increasing 
competition left the survivors to become the prog¬ 
enitors of today's phyla. There is no indication of a 
single common ancestor, and many authorities now 
suggest a polyphylctic organ for the metazoan phyla 
(i.e. broadly similar kinds of animals arising inde¬ 
pendently in different parts of the world) rather than 
a single ancestral form for each phylum. 

Persistence 

The Burgess Shale fauna was originally known only 
from the Middle Cambrian of British Columbia. 
Some remarkable recent discoveries, however, show 
that many of its elements can be traced right down 
to the basal Lower Cambrian. Of these, the richcJt 


faunas arc at Chengjiatiy in southern China and in 
1 eary Land, GreenJaiid; there are also oceurrenees 
in a borehole in northeastern Poland, and in the 
Sierra Morena of southern Spam. 

At Chengjiang a mixed fauna of Lower Cambrian 
shelly and soft-bodied animals was discovered in 
1984 in a mudstone sequence deposited in shallow 
water. It is the oldest ot all Cambrian LagerstStten, 
and probably of late Adtabanian age. Strati- 
graphically below it is a rich assemblage of small 
shelly fossils. The Chengjiang fiuna is dominated by 
bradoriids, small bivalved arthropods which are 
superficially similar to. but not closely related to 
ostracodes. Over 80% ot the individuals in this fauna 
are bradoriids. There arc only three genera of trilo- 
bites (cf. 40% of the fauna in the Burgess Shale) but 
many algae, sponges, medusoids, chondrophorans 
and hyohthids; there are also elements typical of the 
Burgess Shale. These include priapulids. tlic scale- 
beanng onychophoran-like Mkmlictyon. Diiioniis- 
clws and AmvnalMdris, Halludgcma, Leainlioilia and 
Aiiraoirt, but there are also several other non-trilo- 
bite arthropods. One of these Fiixiatihuu, looks 
somewhat like a trilobite, but lias a long, parallel- 
sided, segmented tail. These faunas arc still under 
description: recent references include Conway 
Morris (1989), Chen and Erdtmann (1991), Hou 
and Bergstrom (1990), Ramskold and Hou (1991) 
and Hou and BergstrOm (1997). Despite similarities 
wth the Burgess Shale fauna, there are marked dif¬ 
ferences, probably reflecting an original ecological 
dirt'erence. While it is interesting to compare 
Cambn.in assemblages in sequence, i.e. small shelly 
fossils, Chengjiang fauna and Burgess Shale founas, 
and finally the ‘orsten’ faunas, it would be mislead¬ 
ing to interpret these too directly as a global ecolog¬ 
ical succession. Each is simply a ‘snapshot’ of an 
exceptional fauna in time, specialized tor a particular 
niche, and little is known of contemporaneous, 
equivalent faunas elsewhere in the world. 

A more recently discovered (1989) Lower 
Cambrian Lagerstatte comes from north Greenland. 
This fauna (Conway Morris and Peel, 1990; 
Bengtson, 1991; Biidd. 1996) includes many arthro¬ 
pods, polychactes and pirapulids like those of the 
Burgess Shale and sponges. An unexpected bonus, 
in addition, solves the problem of the origin of the 
halkieriids. These are micro.scopic sclerites of vary¬ 
ing form first described in 1967 and previously 
known only as isolated elements in many Lower 
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Cambnan ‘small shelly faunas’. In the Greenland 
material are complete halkieriid animals (Fig. 12.5). 

They are slug-like forms some 3 cm long with a 
doi-sal annour consisting of imbricating rows of the 
sclerites. Such an organization had actually been 
predicted, but what was quite unexpected was the 
presence of a large round shell, one at each end. The 
affinities of the halkieriids are still very obscure. 
Regarding these and other such organisms, 
BengLson (1990) stated that ‘Nature has a\vay of 
outshining our most speculative hypotheses’. Who, 

111 considering the Burgess Shale faunas, could possi¬ 
bly disagree? 

In broad perspective the Cambrian evolutionary 
fauna, which included the Burgess Shale forms with 
laige predators such as Aimnialocctris, spelled the 
end for the quilted organisms of the ‘Garden of 
Ediacara’. Once it had originated, the Burgess Shale 
fauna remained very conservative. It m.iy have 
arisen in shallow waters, and then with the rise of 
new faunas migrated to deep water, until it too was 
driven to extinction by later Cambrian and early 



Figure 12.5 A fully preserved halkerild from Greenland with 
orjterior and posterior shells, and o body covered by dermal 
sclerites (xl .5). (Redrawn from Conway Morris and Peel, 1990.) 
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Ordovician competitors. Possibly the peculiar 
Mimctastcr from the Devonian Hunsruckschiefer 
might represent the last survivor of this most extra¬ 
ordinary biota of all time. 


12.3 Upper Cambrian of southern 
Sweden (Figs 12.6, 12.7) 


The Upper Cambnan rocks of Sweden are highly 
fossiliferous and contain abundant olenid trilobites 
(Chapter 11), usually found in calcareous concre¬ 
tions or lenses known as ‘orsten’ or ‘stinkstones’. 
These occur over quite a wide area (Skane, 


Vastergotland, Oland). Some years ago, while 
searching for conodonts in etched residues of these 
rocks, Professor K.J. Muller of Bonn made a chance 
discovery of phosphatized ostracodes and other 
crustaceans, as well as agnostid trilobites. Many 
thousands of specimens have been isolated, fre¬ 
quently with the limbs intact. The phosphatic fossils 
are of two kinds, firstly those with primarily phos¬ 
phatic hard parts (phosphatocopine ostracodes, inar¬ 
ticulate brachiopods and conodonts) and secondly 
die arthropods in which the bodies and appendages 
were preserved by a secondary phosphatic coating 
which must have formed at the time of burial. In 
some instances the shell is replaced by phosphate. 
Preservation is noniially exquisite, though in some 



Figure 12.6 Elements of the small phosphatized 'orsten' Fauna of the Swedish Upper Cambrion: (a) Agnostus, a partially enrolled 
trilobite showing a phosphatized appendage; (b) Skara, a crustacean; (c) phosphoKzed appendages of a phosphatocopine ostrocod. 
(SEM photographs reproduced by courtesy of Professor Klaus Muller.) 
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cases, especially at the anterior end of the body, 
which was in life the most highly phosphatic, the 
coating is relatively thick and obscures the joints. 
Where this occurs the spines and small hairs may be 
diagenetically thickened up to three times their 
original diameter. 

Only small growth stages of the arthropods (<2 
mm long) seem to be fossilized in this way. It is 
quite probable that these inhabited the nutrient-rich 
flocculent layer on the sea floor, swimming, clam- 
benng about and feeding within it. When they died 
tliey slid down to the anoxic sea floor just below 
their habitat and were covered very soon afterwards 
with a coating of phosphatic bacteria. It is this tliin 
‘shell’ of dead, contiguous bacteria that survives 
when the rest of the animal has decayed. Where the 
shell is replaced by phosphate it was invaded by the 
bacteria. 


The arthropods were all swimming forms. Uy far 
the commonest are the adont primitive ostracodes 
VcstroiJol/ua, halites and Hesslaiidoiia. These belong to 
the Order Phosphatocopina, in which the original 
hard parts were probably phosphate. The abdomen, 
which may not have been primarily phosphatized, is 
not usually preserved. In spite of the secondary 
phosphatic thickening, the information given about 
the nature of the limbs of these primitive ostracodes 
IS ot the highest quality; it is particularly interesting 
that these phosphatocopine limbs are closely similar 
to one another within the s.anic animal, and are 
comparatively unspecialized. 

I here are now 25 known arthropod genera 
including a large variety of primordial crustaceans 
whose systematic position is as yet uncertain’ (Miillcr, 
1983). Numerous nauphar larval stages of various 
unidentified crustaceans are likewise present. 
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Skara has a ccphalon with five pairs of appendages 
and a long flexible trunk and tail. It was a filter 
feeder and is known only from adults. Martiiissoma is 
superficially similar, though it has no speciahzed 
cephalic filtering apparatus. It was probably a bot¬ 
tom dweller feeding on detrital particles that it 
stirred up from the sea floor. The juvenile stages are 
also known. Dala is represented only by thorax and 
abdomen; it may have been a free swimmer. 
bredoems has a large umvalved headshicld, paired 
eyes and comparatively unspccialized cephalic limbs. 
There are seven pairs of thoracic limbs. All larval 
stages are known. It is unlikely to have been a filter 
feeder and may have swum just above the flocculcnt 
layer. IVahssekia is not dissimilar, while Relibiuhiclla 
has a large headshicld enclosing much of the body 
and many limbs. All the early growth stages are 
known, but the largest specimens are still probably 
larval. This crustacean is an ancestral branchiopod, 
and its complex filtenng apparatus has some resem¬ 
blance to that of modem fomis. Kecently described 
(Walossek and MOller, 1994) arc small pentastomids, 
and arc remarkably similar to their modem counter¬ 
parts which parasitize the lungs of crocodiles today. 
It is to be wondered what they fed on in Cambrian 
times. 

The ’orsten’ cmstaccans are thus very diverse, 
some being progenitors of modem fcixa, others 
belonging to extinct groups. They were adapted to 
different microhabitats within or above the floccu- 
lent layer. 

The trilobitc A^nosfus reveals surtsrising details of 
appendage constmetion. There is one pair of anten¬ 
nae and eight pairs of biramous appendages, but 
unlike those of ‘standard’ trilobites these are much 
diversified. New details have also emerged about 
the nature of the ventral integument and the stages 
of early ontogeny. -4(;(iosti<s could not have stretched 
out fully and it is highly likely that these trilobites 
lived for much of the time in a state of partial enroll¬ 
ment with a slightly gaping cephalon and pygidiuni. 

The descriptive work on these ‘orsten’ faunas 
(MiiUer, 1979, 19S2, 1983, 1985; Miiller and 
Walossek, 1985, 1986, 1987, 1988; Muller and 
Hinz, 1991; Walossek, 1993) includes perhaps the 
most precisely documented of all palaeontological 
studies. It gives a clear insight into the nature and 
ecology of a Cambn,an Hocculent-layer community. 
It provides new information about the limbs of the 
ancient crustaceans and .duiiesfi/.s. While this gives 


support to the idea of a monophyletic origin of the 
cmstaccans, there are also similarities between their 
limbs and those of A^i;nosius, which may (Walossek 
and Miiller, 1990) shed new light on the systematic 
position of the latter. 

Finally, the Swedish faunas, like those of the 
Burgess Shale, show that the non-trilobite arthro¬ 
pod faunas played a much more important role than 
has generally been appreciated, in C^ambrian times, 
and the apparent predonunance of tnlobites must 
have been accentuated by the higher preservability 
of their exoskeletons. It is clear also that these Upper 
Cambrian cmstaccans bear little resemblance to 
those of the Burgess Shale. Although this may, 
again, be purely due to preservation, the ‘morpho¬ 
logical and temporal disconnection’ of the Burgess 
Shale fauna referred to by Bergstrom (1980), in 
other words its dissimilarity from later faunas may in 
fact be a real evolutionary phenomenon. 


12.4 Hunsnickschiefer fauna 
(Fig. 12.8) 


The Lower Devonian Hunsriick-schicfcr of the 
ILhincland has long yielded exquisitely preserved 
starfish, crinoids, trilobites, cmstaccans and 
ccphalopods, mainly prcscn'cd in pyrite. In these 
stagnation deposits the pyrite was fomied where 
organic compounds rich in sulphur were present in 
decaying material; these combined with iron ions in 
the water to precipitate FeS and FeS,. Many such 
fossils have been known for a long time, but surpris¬ 
ingly complete details of smicture have been proved 
through the application of ‘soft’ X-niys, often with 
photographic exposures taking several hours. This 
technique was begun in the 1930s by W.M. 
Lehmann, and was resumed in the early 196(ls to 
great effect by Professor W. Stiinner of Erlangen, 
yielding spectacular results: a fund of information 
has been obtained, nor only on the hard p.irts but 
also, in many cases, on the lightly pyritized soft tis¬ 
sues (Stilmier, 1970; Stunner and Bergstrdm, 1973, 
1976, 1978, 1981; Stunner ef ill., 1980; Bergstrflm 
and Brassel, 1984). 

Details of limb morphology has been revealed in 
Phaiops, Asieropygc and other trilobite genera (q.v.) 
and the detailed stmeture of the phyllocarid crus¬ 
tacean \'aliecaris has been made clear (Fig. 12.8a). A 
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12.8 HunsrOckschiefer fauna (Dev.), Germany: (a) Nahecaris. a phyllocarid (x 0.5); (b) Mimetasler, an arttiropod 
ated with an ophiuroid (length of bar is 10 mm). (X-radiographs reproduced by courtesy of Professor WilheJm Sturmer.) 


associ- 


variety of other arthropods include early representa¬ 
tives ot extant groups or members of taxa which are 
now extinct. IVeiiibcrf’ina, a synziphosurid, is unique 
in having six, rather tlian five, prosomal limbs 
beliind the chelicerae. It was evidently adapted for 
life on a soft substrate. Large primitive pycnogonids 
(sea spiders) belonging to extinct orders also occur, 
as well as the tiny PaUwotUea, the most ancient 


representative of the extant pycnogonid Order 
Pantopoda. 

Some of the arthropods cannot be related to any 
present-day taxon. The large ovoid Chelotiiellon has 
a head w'ith a pair of antennae projecting forwards, 
nine tnmk segments and a curious conical tclson. 
There is one pair of anteimae, a second pre-oral pair 
of appendages, and tour pairs of uniramous 


i 
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appendages with gnathobascs in the head. Eight 
pairs of hiranunis appendages arc present ni the 
body. Tlie Manclla-hkc arthropod Minietiistcr, about 
lialftlic known specimens of which are found asso¬ 
ciated with an ophiuroid (Fig l2.Sb), was known in 
gross morphology prior to Stiinner and Bergstrom’s 
work, as was Vachoiiisia, a large arthropod with a 
bivalved carapace. Mitiwtaslcr, through X-ray pho¬ 
tographs. is now known to have a pair of stalked 
eyes, sttiut jointed appendages on the head with 
pyritized strands of muscle, and about .10 pairs of 
biramous append.iges down the body. I iir/ioubw has 
turned out to have a surjrrisingly similar body under 
the large carapace and is probably related. These 
two genera could be survivors of the Mamlla stock, 
persisting to the Devonian and known only from 
these exceptional faunas, though some authorities 
regard their characters as symplosiomorphic. 

Other elements m the fauna include early repre¬ 
sentatives of several groups, e.g. the floating VdcUn- 
likc liydrozoan Plcilodbivs. Among the molluscs 
there are thin-shelled ctenodont bivalves, gastropods 
with soft parts present, ammonoids and bactritids 
(Chapter 8) which give much information about the 
early evolution of this group, and straight-shelled 
cephalopods. Some of these were cctocochlear, with 
the shell outside the body, whereas others were 
endocochlear with the outside of the shell invested 
with soft tissue. Tentacles and other external organs 
appear in some radiographs, both of the orthocone 
Loholuutrites and in (JotiidtiU's. and embryonic 
cephalopods have also appeared unexpectedly on 
the photographic plates. Coleoids have also been 
found in the I lunsriickschiefer. PnUiuuilaahcras has 
some features reminiscent of orthocone ccphalo- 
pods, but possesses a rostrum, whereas two other 
genera show marked similarities to Recent tcuthids 
and would seem to be their earliest known repre¬ 
sentatives. In some beds specimens of the cmgmatic 
conical-shclled tcnt.aculitids .ire abundant. On X-ray 
plates their tentacles show up, as does the gut, which 
tends to support the view of some workers that 
these septate shells with their long body chambei-s 
were an extinct group of cephalopods. 


12.5 Moxon CrMlc fauna (Fig. 12.9) 


The Pennsylvanian beds of Illinois have long been 
strip-mined for coal. Over wide areas the nodular 
shale overlying the coal has been removed to spoil 
tips, from which the weathered ironstone nodules 
or concretions have proved the source of an out¬ 
standingly diverse flora and fauna (Nitecki, 1979; 
Schrani, 1974, 1979b; Thompson, 1977, 1979). 
These nodules provide a valuable record of the soft- 
part anatomy of many kinds of organisms. 

The sediments belong to the Francis Creek Shale, 
deposited m a generally deltaic environment 
between a northerly coal swamp and the sea which 
l.iy to the south west. Two main floral and faunal 
groupings can be defined, the non-marine 
Braidwood and the marine Essex assemblages. All 
the fossils from these arc preserved in ironstone con¬ 
cretions. The noil-marine (brackish to freshwater) 
Braidwood assemblage, which is dominated by 
cxc]uisitely preserved land plants (35lt species) and 
insects (140 species), was evidently deposited in a 
swampy low'land region close to the shore. There 
are also scorjnons, spiden, millipedes and cen¬ 
tipedes, derived from the shoreward reaches of the 
coal forest. Small ponds and channels were the 
home of ostracodes, and of small shrimp-like crus¬ 
taceans, fish and amphibians. The xiphosiiran 
Euproops, often found with the more terrestrial ele¬ 
ments, m.iy have .spent some of its life subaerially. 

The contrasting Essex fauna inhabited the marine 
facies of the delta front. It is astonishingly ciiverse, 
and in many cases the soft parts of the animals are 
preserved as carbon films. The vertebrate record 
reveals many fish species as well as hatchling cocLi- 
canths with the yolk-sac still preserved, one of the 
earliest known lampreys, and other jawlcss fishes. 
The invertebrate fauna is dominated by large cnis- 
taceans (e.g. Bi-lolelson), other arthropods (e.g. 
Euproops, Kottixerxi's) and by epifaunal polychacte 
wonns (e.g. lu’i’isctliiis, Eossuiidcdiua) of carnivorous 
habit and complete with bristles and jaws. There are 
also jellyfish, hydroids (e.g. Masoltydro), chaetog- 
naths (e.g. Pdiidjaculuni), nemertine wonns (e.g. 
Anhisyiiiplciies), holothurians, barnacles with chid- 
nous plates and cephalopods with arms and hooks 
attached. Among other fossils there are specimens of' 
the enigmatic 'I'lilliinoustruiii (Tully monsters), 
named after their discoverer, and unic]uc to the 
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the Mazon Cr^k fauna (Carb), Illinois: (a) fiefote/son, a malacostracon crustacean 
^ 1 9<:w^rf l^osiundecima, a polychaete worm, with jaws (x 1 ); (d) Tullimonstwm 

I . 5), (e) lotze/io a centipede (x 1), (f) Archisymplectes, o nemertine worm; (g) Mazohydra, a hydrozoan (x 1) (h) chaetoqnotb 

£L»n“T9^^ ' i “ P°Vchaete ^rm (x 1 ). ((a), (b), (f), (h) Redrawn from ScVam, 1 971, 1 973 (c), (| , redrcvl^frS 

Thompson, 1977, others redrawn from Foster, Magel and other authors in Nitecki, 1979.) 


^ Essex fauna, nillimomtnmi (Fig I2.9d) was a soft- 
; bodied, bilaterally symmetrical animal, some 8 cm 
long. Its head tapers to an elongated proboscis with 
a pair of pincer-like jaws at the end, their inner face 
anned with minute stylets. Where the head grades 
I into the trunk there is a transverse bar projecting 
laterally from the body, each end terminating in a 
hollow, globular bar-organ; these have been vari¬ 
ously interpreted .as eyes or stabilizers. The trunk is 
segmented, often showing a median impression, 
probably the gut. At the rear a spatulate tail is 
marked with paired fins. 

I'ltllitHOUstnittt was probably a pelagic carnivore 
which caught its prey with the proboscis. Since the 
probosics and the transverse bar appear to he unique. 


most authorities have considered I’ullimoustntm to be a 
member of an entirely extinct phylum. Foster (1979), 
however, points out that T iillhiioiistmiii shares many 
features in common with living heteropods, a group 
of actively swimming gastropods wliich have largely 
lost the shell. These include overall shape, proboscas 
form, radular teeth and possibly also the eyes. These 
correspondences arc not, however, exact, and most 
palaeontologists still hold the view that the bizarre 
Tiilliitipmrnim is a member of a long-extinct phylum. 

The degree of mixing of the Essex and 
liraidwood elements varies; sometimes only a few of 
the more typical liraidwood elements are found 
with members of the Essex fauna; elsewhere, more 
truly mixed faunas may have resulted from periodic 
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stonn surges which moved the marine animals over 
the delta, stranding them on its surface. Increased 
rain during such a storm surge is thought to have 
swept down masses of sediment to bur\’ the animals 
almost immediately. The concretions must have 
foniied round the specimens very rapidly after bur¬ 
ial, and the preservation itself is rather unusual, for 
within the siderite concretions calcium carbonate is 
normally absent while chitin is unaltered, and the 
soft parts are preserved as carbon films. The nodules 
miglit have fonned after a sudden influx of silt and 
fresh water into the area after heavy rains or due to 
channel diversion. The abundance of Fe"'^ derived 
from the coal swamps together with the rapid burial 
may have proved an ideal environment for the 
siderite concretion formation. 

The Mazon Cfrcck fnmas are of unusual compo¬ 
sition, for the common Carboniferous marine fossils 
such as brachiopods are absent, even in the marine 
Essex facies, and crinoids, gastropods and bivalves 
are rare. The great bulk of the fossils are, indeed, of 
uncommon type. 

In the faunal assemblage sense, the Essex fauna is 
unusual. It is not. however, unique, except in the 
abundance and diversity of fossils found therein. 
Similar Carboniferous nearshore fninas exist else¬ 
where, in America, Europe and other places, inhab¬ 
iting sh.illow-marine environments and nearshore 
lagoons between swampy lowlands and the sea. 
Similar biotic associations are known elsewhere in 
Illinois (Zangerl and Richardson, R163), from the 
Bear Gulch sequence of Montana fWilliams, 198.3), 
from Montccau-les-Mines, France (Hcyler and 
F^oplin, 1988) and from the Carboniferous of 
Scotland (Schram, 1979a; Briggs and Clarkson, 
1983, 198.5) which testify to an ecological continu¬ 
ity over a wide area during the Carboniferous. 
Indeed a similar biotic association can be recognized 
as far back as the Silurian in an equivalent nearshore 
habitat. 

Such fiiunas as these are now beginning to be 
understood, not just descriptively and taxononii- 
cally, but ecologically, as biotic and trophic associa¬ 
tions extending through space and time. In the 
words of Schram (1979b), ‘We can no longer be 
content with treating the M.iztm Creek biotas as 
baroque bric-a-brac; they are in fact part of a com¬ 
bination to unlock the secrets of Carboniferous his¬ 
tory’. The understanding of such faunas, which give 
such a detailed perspective on the whole biota of the 


time, is a primary task for palaeontology in the years 
that lie ahead. 


12.6 Soinhofen lithographic 
llmestono, Bavaria (Fig. 12.10) 


In Bavaria there is a remark.iblc and widespread 
limestone of Upper Jurassic (Tithonian) age, for¬ 
merly quarried as lithographic stone. It is ver>’ fine 
textured, and light grey to biifl coloured, and 
although fossils are rather uncommon therein, they 
are exceptionally well preserved and vet)' diverse. 
Some 400 species of animals and plants have been 
recorded from laminar bedding planes, and nearly all 
the animal fossils are nektic marine invertebrates and 
vertebrates. The vertebrate fauna includes many fish 
species, many aquatic (and a few terrestrial) reptiles, 
pterodactyls and the early bird Arrluwopieiyx 
(Barthel, 1978, 1979; Barthel et a/., 1990). 



Figure 12. W Cycleiyon propinquus, a Jurassic crab from the 
shallow-water Solnhofen Limestone, Germany (x 0.5). The only 
living eryonids are deep-water species. 

















The invertebrate fauna is particularly rich in 
arthropods, some 70 species belonging to 25 genera. 
They were mainly swimmers, such as the shrimp- 
like -dc^'cr, but there is also a larger macniran, 
Cyckryon, and some small hniulines also occur. 
There are also many species ot flying insects, espe¬ 
cially dragonflies, brought in during seasonal rain¬ 
water floods. Other invertebrates include jellyfish 
(Rhizostomites), cephalopods and the abundant 
ennoid Saccocoma. 

There has been much discussion of the environ¬ 
ment ot deposition ot the Solnhofen Limestone. It is 
clearly a marine sediment, as shown by the presence 
^^t'occoliths, cephalopods and crinoids. It is possible 
that the hme-iiiud forming the limestone was 
washed into the lagoon by storms, but it may have 
been at least partially an algal or chemical precipi¬ 
tate. Some authors have invoked periodic stranding 
of the fossils on mud flats to explain their preserva¬ 
tion, but a more recent interpretation advanced by 
Barthel (1979) argues for a continuous sea cover 
throughout deposition. According to Barthel the 
Solnhofen Limestone was apparently deposited on a 
sea floor of irregular relief originally consisting of 
sponge—algal reefs and mounds. Maximum water 
depth may have been from 3(1 to 60 m. To the 
north there were barrier islands, and to the south a 
coral-hydrozoan barrier reef, which cut off the 
batk-reef lagooiial area in which the limestone was 
deposited as a carbonate mud m a system of inter¬ 
connected basins fringing the deep sponge-reefs. 


Solnhofen lithographic limestone, Bavaria 

Since the chmate was very hot the lagoonal water 
sometimes became hypcniahne through evapora¬ 
tion. The sea floor may have often been stagnant, 
and both these factors seem to have been responsible 
tor the frequent absence of epi- and infauna (though 
Saaoivina (q.v.) may have been a benthic oppor¬ 
tunist], and .ilso tor the remarkable paucity of tracks 
and trails. There arc indeed a few trails, short ones 
made by the decapod Mecochinis and longer trails 
resulting from the movements of linuilincs. Many 
specimens of Alcsolittiulus wctlchi are preserved at the 
end ot their trails. Modem Utnulus is highly tolerant 
of change in salinity, temperature and oxygen ten¬ 
sion, and the same was probably also true ofjurassic 
limulines, so that at least some individuals could tol¬ 
erate to some extent the locally fluctuating and 
often inimical conditions of the Solnliofen sea floor. 
And although these same conditions proved too 
much tor some individuals, the circumstances of 
their demise l4()Ma ago, recorded in detail in the 
rocks, provide a clearer than noniial perspective of 
the life of that time. 

All these exceptional faunas arc atypical only in 
their preservation. It is this alone which distin¬ 
guishes them from others. What is so important 
about them is that they provide near-complete pic¬ 
tures of the diversity of animals living at particular 
times, though they were formed under different 
conditions. I here .secnvi, however, to be no general 
pattern for the preservation of soft parts, and there is 
no clear understanding of how decay is inhibited. 




I ^ 
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Much more biogeochemical research (e.g. Fig. 
12.11) needs to he undertaken to resolve many cur¬ 
rent questions. 

Tlie fiirtlier study of Fossil-Lagerstiitten would 
seem to be one of the important tasks for palaeon¬ 
tology in the future. 


12.7 Ichnology 


Ichnology' is the study of the behaviour of once-liv¬ 
ing animals by examination of the tracks, trails, bor¬ 
ings and markings that they made when alive. These 
are called trace fossils or ichnofossils. They arc 
usually preserved only at the interface of two types 
of sediment, for instance where the markings made 
on a mud surface by a crawling trilobite were filled 
111 by fine sand which later hardened. Ichnology is 
by no means a recent development in geological 
science - indeed it can be traced back to the 1 S2(ls — 
but it is only within the last two decades that it has 
come to be a really powerful tool for understanding 
certain past sedimentary environments and one of 
our major clues to the behaviour of the animals that 
lived within these environments. The dilFereiit 
kinds of traces made in shallow-water sediments 
have been flilly documented in the vast mudflats of 
the North Sea by German workers as summarized 
by Schafer (W72). and this knowledge has been 
applied to the geological record. Since very good 
sumnianes ot trace fossil work e.xist elsewhere 
(Cnmes and Harper, 197(1; Hantzschel, 1975; Frey, 
1976; Donovan, 1994; lironilcy. 1996), only a few 
points will be made here to show something of the 
scope and methods of ichnology'. 

In particular 1 would refer students to Uromley’s 
elegant and biologically based treatment. In this are 
to be found many illustrated examples of the life 
habits and traces ot modern burrowing animals, and 
an application ot biological principles to trace fossil 
studies. 


Classification of trace fossils 

Trace fossils arc all sedimentary structures made by 
the activities of once living animals, mainly inverte¬ 
brates (Figs 12.12, 12.13). 

However, similar traces can be made by quite dif¬ 
ferent kinds of organisms. There are various ways of 


studying trace fossils and hence difl'crent systems of 
classifying them (Simpson, 1976). Three of these in 
particular are important; morphological and prescr- 
vatioiial, behavioural, and phylogenetic. 

Morphological and preservational classification 
Trace fossils are all given ‘fonn-generic names’; that 
is, the names are used only for the distinction of var¬ 
ious types and do not attempt to identify or suggest 
their maker. A simplified system of grouping them 
with interpretation is given here. 

tracks or trails on a bedding plane originally made 
upon the sediment-water interface, e.g. Cniztaiui 
(trilobite trails), Nmites, Pliycosiphoit, Cosmorapfw 
(worm trails), Gyrodiortc (possible gastropod trail): 
radially symmetrical horizontal markings, e.g. 
Asteriaiitcs (resting marks of starfish); 
tunnels and shafts within the sediment, e.g. 
Skolithos (vertical wonn tubes), Cdtondrilcs (branch¬ 
ing galleries probably made by a probing wonn); 
traces with a spreitc (a web-like structure, usu¬ 
ally with a senes of concentric markings) as often 
found joining two branches of a U-tube and 
representing fonner positions of the lube within 
the sediment, e.g. Rhizocomlliiiin (horizontal U- 
tubes), Diphcralerioii (vertical U-tubes), Zecp/iyn'.' 
(inclined spirals) — all of which could have been 
made by different kinds of animals; 
pouch-shaped markings, e.g. Pcictyiwdicliiius (liivalve 
burrows), Riisopliyin.< (mlobite renting traces); 
others, e.g. Palacodiityoii (net-like structure of 
uncertain origin). 

Although this descriptive classification has its u.se- 
fulness, the characters selected for description must 
be arbitrary and therefore far from objective. A clas¬ 
sification based on preserv'ational features alone is 
equally hard to apply. 

Behavioural classification 

Seilacher (1964) designed a very usefiil scheme 
based uptiii the behaviour of the organism that made 
the traces. In modified fonn this classification now 
has at least six categories, but since they overlap to 
some extent this scheme is also not a perfect system, 
though it is useful. The categories are as follows. 

Crawling traces (Repichnia): these are tracks of 
moving surface dwellers, e.g. Cni^iami. 
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(b) Nereites 


(c) Chondrites 


(a) Cruaiana 


(d) Cosmoraphe 


(e) Asteriacites 


(g) Gyrochorte 


(f) Phycosiphon 


(hi Rhizocorallium 


(i) Diplocraterion 
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(d) Pataeodictyon (e) Zoophycos (f) Pelecypodichnus 


Figure 12.13 (o) Dictycxhra, reconstructed jx 1); (b), (e) Zoop/iycos, in surfoce view and in section, respectively (x0.1|; |c) 

SKolilhos, in vertical section (x 0.2); (d| Palaeoalctyon In surloce view (x 0.5); (f) Pelecypodichnus, surface view (x 0.5). 


Resting traces (Ciibichnia): these are exemplified 
by Riisophycus, Astcriiidtes. 

Grazing or surt'ace feeder traces (Pascichnia); sur¬ 
face feeders make characteristic patterned mark¬ 
ings on tlie sediment; the same sort of patterns 
may be seen made by Recent snails grazing on 
algae on stones in rock pools. Nerdtes, for 
instance, is a trace appearing as a scries of parallel 
lines with latent] lobes, joined by tight loops, each 
line being equidistant from its neighbours. This is 
made by a surface feeder economically exploiting 
a food supply, such as b.acteria, upon the sediment 
surface, covering as much ground as possible but 
with the minimum of effort and never recrossing 
its own trail or feeding along previously grazed 
surfaces. Phycosiphon perfonns the same kind of 
function m a different way. 

Feeding traces (Fodinichnia): these arc excavations 
made by deposit feeden, i.e. animals living on the 
surface but actively mining witliin it for their food. 
They include some U-shaped tubes with internal 


spreites, wliich show that the U-burrow has been 
progressively deepened. There are also various 
kinds of radial structures, including the inany- 
branched Clwmlrilcs, which was probably made by 
a wonn exploiting a rich deposit successively, 
again avoiding any area of previously ingested sed¬ 
iment. An interesting Silurian trace fossil, 
Dictyodora, fonns a sinuous ribbon with a flattened 
T-shaped lower edge, meandering through the 
rock nonnal to the bedding (Fig. 12.13). It must 
have been constructed by an animal moving below 
the surface as it fed, yet maintaining contact with 
the water by means of a vertical tube or pipe, and 
it is the passage of the latter through the sediment 
which created what is now preserved as the vertical 
ribbon; the ‘worm’ made the T-shaped base 
(Benton and Trewin, 1980). 

Dwelling structures (Domichnia); these are per¬ 
manent burrows and borings of suspension feed¬ 
ers, i.e. animals living within the sediment but 
straining off particles from the water above. They 
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may be siibcylindrical tubes (c.g. Skolithos), but 
there arc also some U-shaped burrows, tliough 
nomially without spreites. 

Escape structures (Fugichnia): vanous kinds of ver¬ 
tical uibes suggest that animals moved upwards to 
escape from being buried by an influx of sediment, 
or downwards when the sediment above was 
eroded. The original tubes are usually therefore 
modified Domichnia. Oip/orrdtenun, for example, is 
a vertical U-tubc found in high-energy environ¬ 
ments, with spreite structures either above or 
below it or both. It is interpreted as the permanent 
dwelling burrow of an animal that lived below the 
sediment. When sediment was removed by rapid 
erosion the animal burrowed down more deeply in 
order to remain concealed at its habitual depth, 
leaving a spreite above. Rapid sedimentation 
caused the organism to move upwards, producing 
a spreite below of somewhat different morphology 
since it was no longer linking parallel amis. Such a 
structure gives infonnation about the env^tron- 
nient, suggesting very rapid erosion and deposi¬ 
tion, and the related up-and-down movement of 
the organism that made it led Goldnng (1962) to 
give the organism the appropriately descriptive 
specific name D. yiiyi). 

Phylogenetic classification 

Generally there are few indications as to the identity 
of a particular trace maker, and often even its phy¬ 
lum can hardly be established since animals of many 
phyla can make the same kind of traces. In the case 
of some arthropod ichnotossils, however, the trace 
maker is known with certainty; trilobites, for 
instance, have actually been found within 
Rimphycns burrows. However, since this is rare 
indeed there is no point in trying to erect a classifi¬ 
cation based upon the identity of the trace maker, 
and fomi-generic nanies have to be given. 

No means of classification is therefore entirely satis- 
fretory or complete, and the one that is followed in 
any particular case depends rather upon the purpose 
of the study. 


Uses of ichnology 

Sedimenfary environment 

By contrast with body fossils, trace fossils are always 


found in place. If the enclosing sediment had moved 
they would have been destroyed. They often occur 
in sedimentary suites where there are no body fossils 
present and especially in clastic sccpicnccs. Rather 
than being destroyed by diagenesis they are com¬ 
monly improved by it, since lithological contrast 
between the fossil and the enclosing sediment may 
thereby be enhanced. Furthermore they tend to be 
restricted to a narrow facies range. As guides to the 
nature, of the sedimentary environment in certain 
types of sequence they have proved invaluable. 

If trace fossils are present in a clastic sequence 
then the sediment must have been well aerated 
Conversely, a sequence lacking in traces may well 
have been anoxic. Thus black shales with abundant 
traces, even if deep-water m origin, cannot possibly 
have been anoxic. Graptolitic shales and their 
Mesozoic equivalents, which contain only thin- 
shelled planktonic bivalves, are generally lacking in 
trace fossils, w'hich suggests a euxinic origin. 

Rates of sedimentation can often be inferred 
from the relative abundance of trace fossils, as with 
Diplocmteriou, and the presence of definite borings in 
‘hardgrounds’ shows clearly that the sediment must 
have been indurated when the borings were 
fonned, as may sometimes be confirmed by 
encrusten upon its surface. Inevitably a temporaiy' 
break in deposition must be recogmzed to have 
allowed such induration. Minor variations in facies 
can often be inferred from the presence of particular 
trace fossil as.semblages, even if the nature of their 
makers is not known. 

The analysis of trace fossil assemblages is less sim¬ 
ple than it appears, since the potential for preserva¬ 
tion of fossil behaviour' depends upon the depth at 
W'hich the trace-maker lived w'ithin the sediment. 
Most hving infaunal aiumals are vertically zoned and 
inhabit different levels or tiers within the sediment 
(Fig. 12.14). 

Within each of these tiers there may be defined 
ichnoguilds (Bromley. 1996), i.e. groups of ich- 
nospecies which behave in a similar maimer, and 
occupy a similar location within the substrate. In the 
upper layers there may be highly mobile animals 
whose life activities totally obliterate other primary 
structures. They may also sometimes make it diffi¬ 
cult for the inhabitants of lower tiers to maintain 
contact with the surface. While the upper layers of 
sediment are usually very stirred up (bioturbated), 
the traces in the lowermost layers (e.g. 
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nuilitssiiioides) alone arc tlie ones most likely to be 
preserved. Bromley’s term 'elite trace fossils’ applies 
to these; they may also be enhanced by dia^cnesis. 
The trace fossil assemblage that is fossilized is thus 
not a true reflection of the original biological com¬ 
munity. What we see is thus taphonomically ‘fil¬ 
tered’ and all that remains of the rich and diverse 
assemblage of the upper layers is simply mi.xed and 
bioturbated sediment. 

There are also rather generalized trace fossil 
assemblages which give mfonnation of a grosser 
quality, especially pertaimiig to the onginal depth of 
deposition (Scilacher. lyp?). Since physical protec- 
titin is very import.uit to shallow-water dw'ellcrs. 
partly due to turbulence and partly because the light 
allows other animals to see them, a high proportion 
of invertebrates are burrow'ing suspension feeders 
(filterers) and the traces are mainly Cubichnia and 
Domichma. Farther away in quieter waters, deposit 
feeders (swallowers) are abundant, and hence 
Fodinichnia become incre.isingly common, likewise 
Ikepichnia. In the lightless environment of the deep 
sea there is less need for protection, and because of 
the rich supply ot surface-dwelling bacteria there are 
very many Fodinichnia and especially Fascichnia. 
The latter make complex spiral or meandering pat¬ 
terns for systematically grazing from food-rich sur¬ 
face layers. On this basis there were erected four 
main (Seilacherian) ichnofacies b.ased on bathyme¬ 
try, the Sl^olillios, Cniziaita, Zoopliycos and Ncrcilvs 
facies. Other ichnofacies have been added by difter- 
ent authors such as the Sioyciiiti redbed facies. The 
Skoliihos facies consists largely of vcrrical tubes in 
clean, shallow-water sands; the shallow-water 
Crnj:iaiM ichnofacies (deposited above storm wave- 
base) is of burrows, arthropod tracks and resting 
traces; the intermediate Zoophycos facies is liiglily 
bioturbated and was made principally by sediment 
miners; and the deep-water Screius facies associated 
with turbidites has grazing trails of complex form. 

These ichnofacies are of use in a broad and gen¬ 
eral sense, but individual traces may occur out of 
context, and the a.ssenibl.iges themselves are subject 
to taphonomic filtering. 

Strafigraphy 

Generally tnace fossils .ire of very little stratigraphic 
use. The very characters that make them so valuable 
environmentally, i.e. long range, strict facies con¬ 
trol, etc., are just the opposite of what is needed for 



Figure 12.14 Tiering of trace fossils, Cretaceous example: (1) 
bioturbation from eminoids, gastropods, bivalves, etc., (2) 
Thalassinoides (crustacean borrow system); (3) Taenidium (bur¬ 
rowing worm); (4) Zoophycos; (5) Chondriles, large-bore and 
small-bore forms, respectively. (Redrawn from Bromley, 1996 ) 


good zone fossils. Yet some short-ranged types 
are useful in local stratigraphy, and most particularly 
trace fossils have been of immense value in under¬ 
standing the explosion of life at the Frecambriaii- 
Cambrian boundary (Chapter 3), and particularly of 
metazoan life, for many trace fossils can only be 
made by an anunal with a gut. Other examples have 
been given by Crunes and Harper (lh70). 

Fossil behaviour 

In a sense, all ichnology relates to the study of fossil 
behaviour. The complex grazing trails tliat have 
already been mentioned testify’ to a degree of behav¬ 
ioural complexity in their ancient makers like that of 
many present-day organisms. Trace fossils have been 
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used directly in analysing the life habits and locoino- 
non of tnlobites and other arthropods (Chapter 11). 
Their use in interpreting life habits and past sedimen¬ 
tary environments can but increase in the future. 
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Numhen m lulics refer to fipirt^. 

Ahirsojiiraptus 3v^8 
Acunihastcr 133 
Acanthograpcidac 326 
Acautkograptiis 326 
AcanthosquiUd il.27 
Afanthothiris 16H, 192 
/!f4iff352fF,365.372.382. ttj. tIJH. 
11.20 

Acertiaspis 11.7, i 1.11 
Accrvularia 117, 120, 5.7 
.iddaspis 385, 382 
Acroechinoidca 27t) 

Atropora 132ff. 5.17 
Acrosalaiia 270, 9.7 
Acrotreta 181 
Acrotrctida 181 
12.2 

Adt'ortflla H. IH 
Actittocamax 254, 8.32 
Kctinoceras 235 
Actinoccratiiia 235 
Actinocrinidac 296 
Acthiocrimtes 296 
Actitfocyathua 5.10 
.4ffiM4J5m>f«a91, 4.9, 4.10, 4.11 
AdiKftocystius 287 
Atj^r 425 

287 

Agla'^pida 349 
Aghspis 11.23, 391 
Agmata 70 

Agnostida 11.20, 362. 366tf. 376. 380 
AgiKHCina 380 

.4^MOj/ui380. 11.20, 12.6,420 
Agomancina 246 
Ajadryathus 95, 4.17 
Alcyonacea 108 
Aicyonidium 150 
AldantUa 61, 3.2 
Aheolitci 128 
Animotutida 242ff. 247 
Anmioiioidca 230, 238tY 
.^mphigaua 7.12, 183 
Amphincura (Polyplacophora) 199 
Amptt'xus S.IO, 115 
Ampuihnancti 8. 18 
Ampyx 382 
Amhuritfi 61, 3.1 
Anarccstida 246 


Atmcj 145 
Atiasptdt^s 399 
Ancyloccraoda 247 
Anetacfras 246 
Anitnali. 1 57 

Anisograptidac 327,345 
Anisograptus 327, 331 
Ariisotrypii 6.8, 149 
AmmidUifans 413, 415. 12.7, 417 
AnoniaJodcsmata 210 
Atwnhopyqu.^ 9.19 
Antedott 9.33, 291 
Aiithozoa 104fr 
Anthraionaia 220 
.'Xpioqraplus 334 
Apoda 286 
Api^rrfiais 226 
Aptiicchinm 264, 9.9 
Arachnida 349, 388 
Arachtiophylium 114, 120 
Arhdda 9.3, 270. 276. 9 23 
Ami 208,210 

Archacodddris 270,274, 9.14, 9.23 
Aalueocyatha 88, 95lT 
Archacodendnda 331 
Archacogastropoda 224 
Archdeoxpna 3.3 
Archaesyniplectcs 422, 12.9 
Archimedes 6.13, 149tF 
.'Irc/iiVcur/iu 252 
Arcoidea 210 
Aretdstrea 215, 8.13 
Ar^onautd 252, 8.32 
Aristocystites 9.43. 301 
Arthropleura 349 
Arthropoda 348fr 
Articulata 

Brachiopoda 159 
Cnnoidca 297 
Asaphoida 367, 382 
.Asaphoididmus 11.5, 372 
.'{sdphusy79, n.I9,iH2 
Ascoceras 235 
Avcocerida 235 
Ascophora 145 
.Aspci^tilum 8.12, 219 
Aspidochirota 286 
.Astiirte 3.12, 214 
Asteriadtes 20, 12.12 


Asterias 289 
Asierohlastus 2W 
Astcroidea 269, 288 
AstempYfie 420 
Astcmzoa 179, 254. 27yff' 
A^trococniina 132 
Astmennus 307 
.Asmystites 9.50,301.314 
.4Mw^f<jprH.< 3341V 
Atclostoniata 280 
Athicta 8.18 
Athyridina 182 
.Athyns 182 
Atracioselld 108 
Atrypa 7.7, 175, 182. 185 
.Atrypdh 193 
Atrypida 182 
Alurid 235,238, 251 
253, 8.32 
Aiiiacocerida 253 
.Aitlacoptcura 379. 382 
AMtimts 270, 9.7, 9.8, 290, 313 
Aiihna 3.10 

.4uhphytlum 115. 3.10, 120tV 
Aulopora 126, 287 
Auhrossella 4.16 
254, 8.32 
AustmspHrifeT 185 
Aysheia 349, 413, i2.7 

Bahinbti 212 
Baclritvs 246 
Bactritiiia 235, 246 
Balnibarbiidar //.2/.384 
Halloeiirypiews 392. 393, 394, / 1.24, 
11.26 

Barriitideocrimt.<: 296 
Birkidthia .391 
Belemnites 254 
Bclcmmtida 254 
BelamwtaHhis 255 
Behmmis39] 

BellcrophotJ 226 
BcUcrophontaccj 226ff 
Belosepia 355 
Behtelsim 422 
BcrcnifnT 6.11. 149, 152 
Bidd 7. 13 

BiUuiMseltd 7.13, 182 
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BithavCiitnura 10.9 
Bivalvia 183. I99,2l)3rt' 

Blastoidca 262, 304 
bUiiitozua 262, 301, 304 
Bochiatiiif,'! 250 
Bojostutfilum II.H 
Hositra2]H, ti.l4 
Bothricadaris 9.tS. 273. 313 
Botriodts ti.lO 
Bom'thjtikta 6.1, 14311 
Brachiopt^da 67, 144, 158ff. 1810 
brofliYaspuHoti it.lH 
Brachyura 4fK) 

Hradonuij 417 
Hriwchiofiim 408, 416 
Brrdocaris 12.7, 420 
Bmsopsis 9 3. 9 19 
Bryojiraptus 327. 331.340 
Br^'ozui 67, 143flf 
Riuciiium 22, S. 16, 224 
Buj^uhi I4f). 151 

10.9 

Bumastus 380 
Bunodt's 392 
Bur){e>sifi 412, 12.2 

414. 12.2 

Cactoirimtsl^H}, 9.37 
Cadiytnrtia 182 
CaconoKa*irropoda 224 
C'alcarca (C?alc*ispongca) 880 
Calceolti 5. Ui, 120 
CZalcichurdata 2520" 

Caliapcr.i 5. 14, 126 
CaliKaas 8.24. 8.31 
Calostylidar 128 
Catouytn 120 

Crtlymene M9. 362. It.6, 382. / 1.20 
Cilymcruna 366 
CalyptobUstina 104 
Caiyxdettdnitu 332 
Camarodonta 270 
Canun>idea 324 

CjmawUmhtti 182 
Camhiister 312 
Cambrociaims 3.2 
Cambrotulndus 61 
Canierata 2930*, 2% 
Caniptomunutoidea 9.51, 311 
Catnpytocq.4udus 3^4, 11.25 
Campytoccras H.23 
Canadaspa: 412. 12.2.416 
Canadia 4 14 
Caniitia 120. 122 
Canopoconus 3.2 
CaHwniiolu 220 
Cardi<Kera>i 247 
Cardioccratidac 248 
Cardiogr,iptu.<i 345 
CWii>/(J 2l(t 
Ctirdito 210 

Cardmtn see Ccrastodenna 
Carolinites 376 


CdiyOirimtes 9.4.^ 

CaryophytUa 108. 5 4.12H.132 
Caryophyllina 132 
Cassiduloida 270 
CiistaiuyfHfra 6 . 2 , 150 
(^atasyga 182 
Ciitdpy^us 9.7, 9.24 
Caioaittus 9.42 

CfM/fOttW/ii 182 

Cctitronellidina 174. 182 
Centrostephanus 9.23 
(3cphalocarida 397 
Cejihalodhcih 309, 326 * 

CVp/ij/t^rap/Mi 337 
Cephalopoda 200. 229ff 
C^framopora 149 

(:n,vitodi'ma 204fr. 8.7. 208. 210. 212. 

214 

CVrii/uvtim //.27, 398 
Ccratitida 242 
(U^auHt'phafa 367,375, 380 
Ceratocystis 9 49, 307 
Cemmts 11.13, 370,382 
Cenantipatliaria 107fr 
Cvrithuim 224 
C/iiieffiff 90. 4,7 

Chmcflhma 3.2 ' 

ChamutdBtus 59,3.1. 108, 137,413 

ChiUffurps 357, 382 

Chcilostomata 145, 150 

Chcirocrinidac 297 

Clieirurina 382 

C/ifirMriJj 382. 11.20 

Chcliccrata 349, 3880 

Clu'/ofiictlon 421 

Chile 7.14. 181 

Chiniitna.'ittr 289 

C’fc0t)fi ^..4, 168. 182 

Cbilcata 181 

Chlidonophora 185 

ChoanoHagcUida 85 

Chonetidina 182 

Chonctoidca 188 

Clwnostet^t's 182, 7./7, 191 

Chordata 309. 318 

C/ioristoceras 249. 8.30 

Ciddris 270, 9.7. 9.19, 9.22 

C:idaroitli 270. 273 

Claditla 293 

Cldtkeia 193. 386 

Clcothyridma 7 9 

ChiHMOfiraptus 32H, 10.4, UI.5. 10.14 
Clioud 89 
CUtamhonites 182 
CliUmbonitidina 182 
(^hnogriiptm 327,331,340 
C7tin«drt 188 
(2hudinu 61 
f'/ymrind 242, 246 
Clymennda 242. 246 
Clymeiwnautilus 238 
Clypeasier 9./9,270 
Clypeasteroida 270 


Ctyj}etis 270 
Cnidana 1020' 

Coehiccems 249 

Codaster 9.48 

Coelenterata see Cnidana 

Coenhokdypus 9.19 

Cimposita 7.8, 182 

Conchoptitis 107 

CoHorardium 221, 8.16 

Conotretd 181 

Conuhria 107 

Cunulata 107 

Comdus 9.22 

Cdnus 224 

Coralomorpha 138 

Corimh 210 

Corrospira 3.2, 226 

Comuta 307tf 

Corynexochida 380 

CtfryrnWcs 327. 10.11 

Owm^rap/rf 426, 12.12 

CostistrickUmdia 188 

Ci'OwMiort 5. 19. 138 

Cothonioniida 10*), 118. 138 

C 0 lliumofy.ms 9.49. 304, 307, 314 

Crawhia 252 

Cnwia 7.4, 184, 185 

Cmnilda 181 

Oaniifonnea 158. 1780", 181 
Craniops 178, 181 
Cras.\atelh 2 10 
Crassostnui 220 
Craivnechinus 270, 272 
Crepidacantha 6.2, 150 
Crihriliitd 150 
Cribriinorpha 153, 6.9 
Crinoidca 262,2910' 

Crinozoa 262tF. 2910 
Crisid 149 
Cristatcih 147 
CrozonaspB 118 
Cmoeephah*.^ 11.4 
Cmmillospongt'a /2.4,415 
Crustacea 349, 397ff 
Crustoidea 328 

370fr 426. 11.15, 12.12 
Cryptodonu 210 
Cryptograpddaf 334 
Cryptograptus 334, 10.12 
Crypftj//r/iH5 363fF, 367, 11.10 
Cryptostomau 149 
Crenodonta 210 
('cenophora 101 
Ctenopyge 384 
Ctenostoniata 143, 150 
Cubichnia 426 
CHcnOoj^rjpfM.'i 10.14,331 
CxtpuUdria 6.3, 150, 155 
CH/iM^vriNfw 293, 9.36, 9.38 
CyattM.\omA 120. 122 
CyathocriHires 9.38 
Cyathoqf.stO 287 
CyM,MWc>-374. If 11 
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Cydiuantharia 182, 7. f7, 217 
Cyderyon 425. 12.12 
Cyclocystoidca 2f>3 
Cydomcdum 5*), 1.1 
CydopYge iH2, 11.20 
Cyclostomata 141) 

Cypnuj 224 

CyniJ 7.H. 172, 182, 185 
CyrlDgraptus 328, 333, 336ff, 33yflr, 10.H, 
lO.IS 

Cystiphyllida 119 
Cysriphylliiin 115, 1201, .5. /() 

Cysti'j/Mpiiis lO.S 

Cystoids see Diploponta. Rlionibifera 
Cystoporata 149 

Dala 420 
Onhmiella 182 
Dalmamtes 382 
Dalinanitidac 382 
Dalmaiulinj 11,11 
DamesfUa 382 
Dasyohsia 7.9 
Dni'idsonia 182 
Doyia 182 

Uccapoda (Crustacea) 399 

Oeiphon / 1.6, 382 

Dekiiyia 6.S 

Dfmo5poii(p.-a 88tf 

Detidrasier 269 

Dcndroclurota 286 

Dendnvnniis 293ff 

Dendrocysloides 9.49, Vil 

Dendrugraptidae 326 

Deiidro/iriipius i20, ^2(l, I0..1. 10 11 

Dendroidca 318, 320tF, 326 

Dendnipltyllia 132, 135 

Deiilaliiim H.4, 199 

Dcutcrostomia 66 

DfWftiUlft 289 

Dexiothctica 309 

Diadema 270, 9.2.1 

Diadeniatai rs 270 

Diidemopsis 280 

Dibranchiatc 230 

DiliutiopliylliiiM 5 .10 

Duellegraplus 10.11, 10 328, 332, 344 

Duffos 210,8.13,217 
Dichograpcina 327, 345 
Didiofpapuis 327 
Didnnsonia 59, 3.1 
Dicranograptidac 328 
Ditfflna?MplHS 328, 10.8, 10.11, M2 
Diiranuno 11.20 
Dktenoennus 2.91, 9,34 
I DiayDdosHu 182 
, > Dietyedim 428, 12.13 
DictyoncUidina 183 
Diaymirtmi 10.7, 331 
Didymograpima 328 
Odymtignipius 10.11, /0.12, 328, 332 
Dkliuma 183 
Di/eiuHti 183 


Dimorpluehniles i73, 11.15 
Dimiirphiniles 8.25 
Dimorphograptidae 335 
Dimorpho/traplm 10.12, 335 
Diiioholus 181 

DiHomisdites 12.4, 415, 417 
Dinotihis 188 
Diphyphyllum 1.10 
Diplidiiiiles 373 
Diploceras 8.25 

Diploernlerion 12.12, 426, 429 
Diplograptacca 328, 344 
Diplngraptina 328 
Diplogtapms 10.2, 320, 332 
Oiploporita 262, 301 ff 
Diplona 133 
llisa.ster 270 
Disastcfoidca 270 
Uisemida 181 
Discinisai 1 77, 331 
Disaveras 235 
Distoidea 43 
DOmsisms 235 
Disparida 293 
t)ilheei>dnidnmi 10.11 
Ditliecoidca .301 ff 
Dtintpa 5.4, 108 
Oivancetk 8.11,214 
Divenvfiraplus 338 
IJckophyllum 121, 1.12 
Dotichopicnis 394 
Doiniclinia 428 
Delia* 209, 214 
Drcpanochitcs 3.3 
Drepanoptenis 394 
Dudleyaspis 11.11,575 
Dull,ilia 254, 8.32 

Echinacea 270 

Echiiioitirdium 267, 275, 285, 9.5, 9.7 
Eehinucorys 9.29, 284 
Bdtinoiyslites 270 
Echiiiocystitoidea 270 
Echinodermata 263ff 
Echinoidea 263 
Bdimosphaeriles 9.45, .301 
Cdimolhurij 270 
Echiiiozoa 263ff 

EVliinH.( 262ff. 9.1, 9.2, 9.3, 9.7, 9.19, 
9.22 

ndimiiloerimis 293, 9.51, 413, 416 
t-cteneehimis 9.9, 272, 290, 313 
Ectocochlea 230 
Ectoprocta 143 
Editiondia 210 
Edeiuiuier 9.32, 287 
Ednoastcroidca 263 
Edrioblastoidea 317 
Eichwaldiii 183 
Elasipoda 286 
Bllesmemceras 235 
Ellesmcroceratina 235 
P.ltipsiKipliatus 356, 382 


Elciitherobla.stuia 104 
Eleuthcrozoa 265 
Plralhiit 382 
Emeraldellu 412, 12.12 
Emiiella 380 
Enennundae 359 
Eiurinimis 11.6, .3.59, 365, .367 
Encrinus 296, 9.41 
Endneeras 235 
Endoccraoda 235 
Eims 8.11,214 
Emeletacea 171 
Enielophylliim 5,7, 1 17. 120 
Enteropneusta 329 
Eocarida .399 
Eochonetes 10 
Eucoelia 188 
Eocnnoidea 262 
Eodiscina 367 
Eodiseus 11.8, 380, 11.20 
Eolimuliis 392 
Eonuixinilera 182 

Eopicaodonia 10, I64ff. 7.5,7.b. 173, 182 

Eoporpiiti 59 

Eopiena 2 10 

Eothuna 275, 286, 290 

Epiaster 9.27, 284 

Eridophyllmii 136 

Eryma 11,27 

Eryonidac 400 

Eskisspis 11.7, 11.11, 365 

Elheria 215 

Eucarida 399 

Eucchonoidea 270 

Euxeiiiacnmis 296 

Eunialacustraca 399 

Eiumiphalus 224, 8.18 

Euphausiacca 399 

Eiipleclellu 94 

Eiiproops / 1.23, .391,422 
Eiiryalac 290 

Euryptcrida 349, .392, 394 
Eurypteniia 394 
Eiirypitrus 392. 394 
E.xojiYra 210 

Fi^esia 8.25 
Falafer7.17, 185 
Eavhna132 

Famsile.! 124ff, 5.14, 127, 1.36ff 
Faviisitina 127 
Felis 9 

Feiiesiclla 6.13, 149ff 
Fenestrata 149 
Fissiculata 306 
Fistuliporj 149 
Fistuliporau 149 
Flcxibili .1 293ff. 296 
Elmira 154 
Fiidiiuchnia 428 
Foliomeim 193 
Ivmiuliella 3.2 
Fardilla 203. 210 
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Fo5jn/aif<T 281 

r<W5HM(irt imi/ 422. 12. V 

Fugicliniu 42^-) 

Fun^ 57 
Funpij 3.16, 132 
Futigiina 132 
ru.xiiinlum 417 

Goloxca 5. t5, 13t) 

GaitriK opu S. 1S 
GastropiuK 2l)ll, 2220* 

Gt;iatmo<u 87rt 
('leutmeHurcia 192, 217 
Ciephurocrmtina 20(> 

386 

Gfn't//i(T210 
(Uhhiriiyurhia 182 
CfrKfwNropmt/Mdav 182 
(Wj/dHWi/K’Mjj'fil 99 
G/i}/)nviM^/iMM H.IS 

GhtssUt 182 
(IknohiHrYtUou 56 
(Jlohoblastu^ 306 
GIomoccus 235. ii.2J 
GU>ssogrjptiiKi 328 
Chs>ogrt»ptus 328 
Glotdilu 176 

Clycymirns 208. / O. 210, 213 

GI>'ptoc)stitid4 9.46 

aYjtUtgraptm 10.6. 10 11, 10 /4, 328. 

332, 343 
Glyptitriii 7 /3 
(Mlyptofpluifntt'.’i 9.43 
(H>i|»irt 301 
GoMfUAfriffii 5.13 
Gonuuites 240, 422 
(uiniatitula 242, 246 
Goiiiophyllnm 120 
Gorgoiucci 108 
Cii’iyoMfii 108, 5.3 
Cotbograptii.< /0.16,328 
GwmM<y.«’»t 289 
Craphoccras 8.27 
Gntpcolithinn 3180 
Gniptoloidtra 3180", 32617 
CiravicalyiiKMif 370 
Grewinkiti 121 

ft.23 

Grypariiii 57 
GryphiiealM, S. 1 if 
Cryp^Mj 7 .12 
Ciynmobla.'itiiia 104 
C»ynini>l4fnidta 143. 150 
Gyrauliis 228 
( Jynv/icirtc 426. 12 12 

HMia4\2 
thlkenii 12.3, 417 
Halhponi 140 

Hrf//iMcrHi(i4I3. 12.3. 417 
H4/y.si7f5 124tr. 5.14, 128 
Halysirina 128 
Hamuliua 240, H.30 


Haphfphacwttis 9 43, 301 

/ 114 

H.trpvs / / JO, 382. 11.20 

I larpma 3(>5. 382 

Hf/ lihiic// a 8.1 7, 200,221.226 

Mrlicdplatoidea 2<i3. 311 

th’lUoplafUa 9.50, 9.5/, 31) 

//WtWi/f>108,5J4, 128 

HcUolitina 123, 128 

fkliophyllum 100, 3.4, I2(P, 136, 3.18 

Hi'hoporii 108 

Hcmiariies 382 

I Icnncliordata 318, 320* 

270 

Hi’inuo^nutidae 9.45 
HcMulupt'ijmii 22 1 
Ikmr^loisa 8.23, 238. 2.S1 
Flt^pertirthis 7.11, 188 
HtWiXaitrofus 278, 9.22 
Hctcroci'rns 240 
I Ictt-rtHorallia 100. 138 
I IrUTodonu 203. 210 
hlctt ntphylhii 5 .19 
lleterorthts 183 

Hcxactmcilidj 48. 8817 4.15, 9417 

H(‘x<i)(ouimn HW 

Floxipoita 340 

Hi.ueik 8.I2,2\9 

I libbercoptcriiu 394 

Hi/»/»rrf<»p/<'nt5 304 

Hiiwiites 254. 8 32 

Hifdoa'rits 8.21 

Hippurius 210. 2l6 

1 lippurmuda 210 

Hinui$Htit 103 

Hii/*iifrr270 
MoIj'itL-niida 270 
Holcctypoida 270 
//(i/rcfypwjf 270. 9.21, 9.23 
Hotniiij 11.6 
HolocyftiU's 9.43, 303 
Hidi)p/!M(;»w.i 120, 5, 12 
Holotlturia 9.30. 285 
I lololluiroidca 263, 285 
Flontatonindae 382 
Hoiiialtjzoa 262 
Honioiostclca 300 
//i7»/i>« 247 
1 Inplot andd 304 
//i(V>/iHii7/('t7ii // 25,304 
I lyoJospoiipca 88 
Hyttltfchiitus 9.9 
HylhKyitts 88 
Hyduophorj 3. /5 
1 /ydfti 104 

HydrtKonillma I04f7 
Hydroida 104 
Hydrozoa I04t7 
Uymciiocaris 390 
Hywmm 293 
HyphAiitoceras 8.30 
Hypodicmiotus 11.16, 360 
1 lypositUtiia 9.19 


lUotui 2 10 
Ukcnus 380 
liiaduiiata 29317 
Inarticiilata 158 
/#i0Cfratjrw>- 210 

Insects 349 
IrrcguUrcs 9517 
Irrcgularia 270 
IsastTMa 132 

327, 10.11, 10.1'^ 
/s<.^f'/i«372. 11 13 

liU'kftopUnLx 304 

Kiaerofitaptm 321. 10.8 
K(7/>i#f/uip/o'//m 5.19 
KilbtJ JiDphyiliLii 100, 138 
Kimbi reUa SO, 5 i, 107 
7.8, 172 
KUmcrkiii 365 
Koihipwduciui 1.11, 187 
/C(tf/(t«(>p/))'//nwf 115, 5.7, 5 10 
Koou-maSbl, 11.20 
Kotemaifraptu.'- 331 
238 

Kottixcyxi'i 422, 12,9 
Kutot^fiua 7.13, 181 

Kutorpnida 181 

G(/wY/i(rt01,4J0 

Litbeihicllit 91 
Lacazclb 183 
Lutophylhm 121, 3.12 
I aincDibranchia, .str Bivaivu 
Laimtiaha 143 
l^ip\t>orihflh 3.2, 3.3 
Uit^vliii 423, 12.9 
U-rtw/i(n7i.i412. /2.2. 417 
/j;crr»)rfJ/d 383. 11.23 
Lt'uar^yrian 7/1 

Lfomisph //.//,//. 16, 375. .382 
iipidcstltvi 270 
Lcpidcsthidae 270 
Lcpidoccntridac 270 
Upidoitdiim 214 
Lcpidocystoidca 263, 3110' 

LipU'liinii 7.11 
U-jHihlus 182, 192 
Ij^toi^taptus to. 14 , 328, 332 
Lcptoplastinae 11.21, 383 
Lcptoplaalus 382, 384, / / .20 
l^ufiwdr<i 4.6 
Uvist'uius 422. 12.9 
Libnstomata 382 
Ucfm 382 
Lu'hcnanina 127 
Lirlioida 367, 382 
Umn 2008', 218 
Liniultna 392 
Unndoides 392 

Unmius 349, 38817. 11.23. 392. 423 
Unfiu}a47, 7.10. 17517, 7J4, 181, 185, 
188 
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UnKulata 158. 177, 181 
Ui,xuMI<i4\4. 12..i 
Lin^ulida 181 

Linguhrnmiej 1S2, 175ff, IKI 

Ltnihifi 284 

Uripiuo 183 

Lithisnda 88 

Ufhopha^a 2 10. 21 K 

Utkostrothu 112, .i.6, 130 

LiVhi7«235, HJ3 

Lituitidac 235 

Lohohactntes H.34, 421 

tji^iiatutgraptus M\, 10 17, 10.1 H 

L.i/iiv252ff 
Lyni'olunditcs ii.2S 
luwstiult’iii 120 

U^phvhaS.15, 132, 1350' 
Lophophorata 67. 144 
Lyphophyllidiuni S. 10 
Lin’tmii 285 
lMau(i2\0. 214 
Lucinacca 211 
UtJuinid 8.23, 8.31 
Luidia 2^0 
Lygdozoon 11. f> 

L>Topora 152 
LyttvCTos 247. 8.39 
Lytnceridae 242, 247 
Lytocrioccra.^ 24*^^^, ^< 3 1 

Mthroya 273 
Xlticluriirs 224 
212 

.\i*tirocyf.ielh 304 
.Macroscaphitcs 250. 8.30, 8. i t 
MiU tra 210 
\h)i,iditM 187 

Maurthttm 15W. 7J. 7.2. 172. 183 
Maikhanella .1.3 
Maiacostraca 3973“ 

MaiULiiu 136 
Manticoccra.s 8.24, 246 
MarrcIIa4IO. /2.2. 422 
Mamdirhus .^63 
Xlarsupilcs 297 
Xliirtimsonia 420 
Afiiuyonifr.'i 59 
Mjzohydrti 422, 13.9 
XU'aiuintia 5. IS, 5.16 
\ 1 ctiudn>p 0 h» 152 
MeiOfhma 425 
XtfdliiOitia 247 
XlcdusimU's 3. /, 58 
.\1eekoccras 8.26 
Mc||;athyridac 175 

9.3, 268ff. 270, V.7 
Xh'lotitchinus 270, 273 
270 

Mvmhranipora 143, 150 
Mc'oma 279 
Afrm/e//a 182 
Mcrt>Moniata 349. 388 
.Meicntenpora 6.13 


MesogasiroptHla 224 
.Menohinulus / /.2J, 390ff. 425 
Mctiddetcs 4. 91 

.Mftnophyllum 5.10 
.Xlichelima 127 
XUchclithKeras 23h, 237 
Xliirarhadii 5.15 
A/(fr,wfa 282tT. 9.27, 9.28 
.Miirodiaytw 413, 417 
A/«WHjj7ri7 178, 7.4, 181 
Millethmt \03, S. 1.5.2 
XUntd^onijlitrs 8.2 
X{um't(ist(r4\ I, 12.8 
Mioddaris 9.17,270. 282 
Mitrata 309 
XUtmy.stella 9.49. 30*.* 

A'/i.Yrtpfrn« /1.25,394 
.Vf(tl.cr(?W/rf3.2. 5.4, 70 
Modinlupsis 212 
,W<i./iWw5210.212. 8.12, 215 
Modiomorphida 210 
Mododj It. 18 
XMjrtd 412 
.Mollusca 66tr. 1970 
Monen 57 
Afott(X*/j>HdO.< 427 
Monitgraptida 327fr, 349 

327, 10.11, 332 
Monoplacuphora 197, 199 
.AIo«fiVido;vw 149 

5./5, 132 

Moiidivaltiidac 132 
.Mor^atia 11,11, 365 

A7ttfru5pin/cr 182 
8.18 

Xhmx 224 

My,t8.!0,8 //. 210,212 
Myoida 210 
Myriapodn 349 
.MynasUches 272 
M^tiloida 210 

A/y/i/H>- 298. 210, 212. 215, 220, H. 10, 

8.12 

WdKcaris 410, 12.8 
Naiaditcs 220 

.\Ww380.410. 12.2,417 
Natica 224 
Naunlida 230ff 
Nautiloida 2v30 

NmtUftti 202, 230ff; 8.20, 8.21, 251 
Nchalia 399 
Ncmagraptid.ic 331 
Nvniii\(rapUt.<! 10.17, 10, 18,328,341, 
344 

Ncogxstropoda 224 
Neo^lyphioirMs 8.26 
Neogiiarhostoniata 271 
Scomiodon 220 
Scopilina 197. 8.2, 212 
iVrom;c»'Nw208.71./0. 210, 213 
NenHU's42(y. 12.12 
Ncniiacidac 227 


4Nmttea224, 221,8.18 

NHais362 
Niohv 11.8,359 
Sippomli’.^ 249 
Nortotwcfuniii 274 
Notosaria 168, 175. 179 
SWuMia 376 
Nudrolitrs 262, 9.19 
S’tiath2W,2\0, S.W 
Nuculoida 210 
Nuda 87ff 
NudibraiK'liia 224 
Sumericoma 177, 7.14, 181 
NuiiiidiaphylJida 109, 134 
Nihltlwlla 177. 7.5 

OMm [05,5.1, 104 
OhoMla 181 
Obollclata 181 
Obofui 177, 181 
Octocoralha 107ff 
(\topus 255 
Od.imiii412, 12.2 
Odonto^riphus 415, 12.3 
(3dontoplcuroula 382 
380. 11.20 
Olenclloida 380 
OMIua 1/. IV. 380 
OIcnidac 382. 385ff 
Oleiiinae 382 

f7/r«oi4rt 40. 11.12, 11.13, 368.380 
Olctuh 382. 384 
Onweras 235 
OtKOi^raptu.^ 10.14,527 
Onychophora 349 
Opitlmtuj 12.1, 72.5,413 
Ophiocystoidca 28(t 
Ophiiiroidca 262, 288, 290 
()j>ipvitu-r 71. / 7.376 
Opisthobraiichiaca. 224 
OHnaihidea 177. 7 /4. 181, 185 
OrtufjyfhititJ 9. 1 9 
Orlti^tiyojMra 6 . 2 , 150 
Orfn/rc/H/tw 305fF, 9.48 
Orioiiastniea I U, 115, 118 
11.8, 362 

(Mmit'Mpw:; 7 7.7/7, 382 
Oropbocritu4s 306 
Orthida 163, 182 
Orthidina 163. 182 
Orthis 182 
Oithoccns. 235 
Orthuccrauda 235 
Orthograptn.-i 7/7,7 7, 7/7.74 
Orthorctioliti'i 7/7,7 7, 777,7^ 

Orthotetts 182 
Ostiin^ivnas 249, ^.2/7 
()strta2\0,8.i3,120 
Ostracoda397,4l8, 72.6, 12.7 
Ostrciiia 210 
Off4>id 72.4, 414 
Ovcrtottia 7 9 
(JynoticeriV 8.26 
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PaeMtmias lt.2(f 
Pajit'tia 380 
I’agctiidac 380 
P4)/a</iM382. 11.6, 11.20 
PalaecKinoida 270 
Pttheocam 11.21 
Palaeoatcummu 286, 313 
Palaeocyetui 5.7. 120. 121.5./2 
Palaeodictyon 426, 12.1.1 
Paiaeofavosttcf 127 
PaJacohotcrodonta 210 
Palafolimulus 391 
Palaeommtf 59\, 11.23 
PaliVfosmiha 120 
Palaeouxodonta 210 
PtimcrMfrorui 9. 16 
ParMonulana 5.3 
Paradoxi'fhiHUf 281 

11.6, //.2i'J.380 
Piiralciuna 11.7 
Paraspntanf^us 281 
Parasicr 283 

Parastylonurus 11.26. 39(i 
Parsimonia 105 
Parvancorina 00 , }. 1 
Pascichma 427 
Patelh 224 
Pateriiia 181 
PatcrinaU 177. 181 
Paucijaculum 422. 12.9 
Pcctcn 209.210,218. 8.14 
Petraf^raptus 3341T, 10.12 
Pelccypod. 1 . xre Hivalvia 
Pdccypodichmis 426, 12.13 
Pelmatopora 150, 6.9 
Pelniatnzoa 2fi2fr 
Pefttistvs 276 
Pcltunnat’ 384 
Pattiatuld 5.3 
Pcnnatulai ca 59, 106 
Peniairinu.^ 297. 31 H.l 
Pentamenda 182 
Penutnrrwt'ras 235. H.23 
Pctitamcrus 182. 188 
Pinltrhimis 281. 9.26 
Pintrmiits 304. 9.47 
Pcracanda 399 
Pmpjtus 349, 412 
Penschoechinoidea 2691f 
Perisphutclea 8.27, 247 
PeronMIa 93, 4.6 
Pcnptcaris 399 
Pt'talkhmus 372 
Pehtlocrinus 295. 9.39 
Piyioia 413 
PfuhclhphYllum 5.10 
l4iacotdfs 8.11,2]4 
Phacopacca 382 
Phat'opida 366,382 
Phacopina 352, 382 
IHiacops 49. 1TJ. 357. 362. 365, 11.7, 
367, 11.13, 370. 373, 382. 11.14, 
385.420 


Pharetronid.'i 93 
Phnulaciis \ 21,5.12 
PhiUipsastriita 109, 114 
PhilUpsia 372. 382 
PhiUipsineila 11.6,380 
Phoiddoitiya 210 
P/iolaj2IO, 8.12 
PfioUdechinus 9.9 
Phoniiuda 67, 144 
Phosphatocopma 419 
Phragmoteuthis 255 
Phycosiphoti 426, 12.12 
Phylactolacinata 147 
PhyUocarida 349, 399 
PUyllocem 247, HJ9 
Phylloceratida 243. 247 

P/iyl/oflffi/Mj 226, H. 18 

PhyUofirapOis 328, 10.11 
Phymo.'iomti 270 
416 
Pl7md 199 

Pmacoccnicacea 243 
Pl>inrt210 
Pliifoparia 365 
Pla^tonlypla 199 
PUntae 57 
PlaUiterijs 290 
P/rt(yirriii 224 
Platythonia 98ff 
Placyhclminthcs 65 
PIciUimlHynites 182 
Pleciodwcus 422 
Plato thy ns 183 

Plt'ctrvnoceros 8,5, 203, 233,235 
P/t-HDirirw 411, 12.2 
Ple^iahintis 270,277, 9.19 
Plcurobructtiii 5.3 
Pleurocystites 9.45, 304. 314 
Pirurodiftyum 127, 5.14 
Pivumnyn 20) 

Plcurotomaria 224 
P/»»w^f«.i 147 
Podophora 280 
Poedlizonifes 228, 8.19 
Pojetaia 2\0 

Polyplacophora (Aiiiphifieiini) 19917 

Polyzna 143 

Pordmhottitcs 183 

Ponfcra 85ff 

Pon>« 5. / 7 

Porocnmdac 9.40, 295. 314 
l*oromyacca 210 

P().HdctrMti 218 

Pourulfsia 270 
Pmccardiodida 210 
Praccambndium 60, 3.1 
Prarleda 298. 8.10 
Pnapulida 414, 417 
Pnma.’ipis 375 
Pnstiojiraptus 332 
Proboscidactyla 105 
Productida 182 
Productidina 7.9 


Ih-oductus 182 
Proetida 366 
Proctus 11.11, 375, 3H2 
l^otecivntfs 247 
Prolccanicida 247 
Protaxocrinus 296, 9.43 
Protostomia 66 
Ih^oifroctjniiroccras 8.23 
ProtcToddaridac 270 
Protcrocidans 9.10, 9.11, 270, 279 
Protifhnites 372 
Protoctista 37 
Protohenzina 3.2 
Protulophila 104, 5.3 
Ps(imme(hinus 9.23 
PscttdopYxntu/us 9.19 
Pseudotn^onc^raptus 327 
Psiiiraptus 327 
Ptt'iio 210, 215 
J^mdinium 59, 61 
Pifhwcti 289 
Ptrnnopeftptt 2 18 
Ptfrioida 210 
Ptcriomorpha 210 
Ptcrobranchia 329 
Picropnda 226 
P/crofhrca 226 
Ptcrygotuia 392 
P(pryt'06« 11,25, 392 
P0lo^;raptn.lac 326 
P/i7o^rdp6i.^ to J 7. 326. 331 
Ptycliai^tiostu!! 11.18 
PtyOtopurin 11.6 
Ptychopariida 382 
Ptythophyllum 115, 5.10 
Pttjitutx 182 

Pulmnnaca 197, 224 
Punctospirifcr 182 
Pustula 7.11 
pKizosia 8.26 
Pvciiogonida 349, 421 
Pyx^ifcr 270, 9.7, 9.20, 278 
l*ygastcroida 270 
PyCt^/v 183 
Pyfi»(vy.OLv 287 

Radio^aptus 327, 331, 339 
Radiolaria 57 
Radiolites2\0,2\6, 8.13 
Ra/inesquinfi 181 
Raphidotiemtt 93. 4.6, 4.13 
Raphiaphoridae 380 
Pujm7«336ff, 10.14, 10.15 
Rayounocrras 235 
Redlichia 7/.-/, 380 
RccUichiidac 380 
Rt'donia 210 
Recdolithits 363 
Regulates 95ff 
‘Regularia’ 269 
Rchhathu'lfa 420, 12.7 
Remipedia 397 
Rcmopleuride\ 382 
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Rcpichnia 426 
ReplomullUaiia 154 
Retmriiius 296 
Rriejwra 151 
Reliciilitriii 182 
Reiimtogrupiui 10.V 
Retiolitklac 328, 338ff 
Retzia 182 

RhMocYcIm 5.7, 119 
RhMomesim 149 
RhMoplemj 10.10. 326, 329 
Rtubinoponi 327, 10.11. 331 ,339ff 
Rhcgmaphyllum 121 , .1.12 
Rheinxysiis 287 
Rhenap.! 370 

Rhii(iwralliiim 426, 12 12 
Rhizcslomiirs 425 
Rhombifera 262, 301 
Rhynthoiiell.i 7.12. 182 
RhynchoncUida 182 
RhynchonclUfonnrj 158. 181ff 
Rhynchupiiracca 171 
Rhytukoipiwij 182 
Riheroia 221 
Richihofmia 182 
Rjchtliufrniidae 182 
Rolha 391 

Rostroconclui 200, 221 
RotasaecHs 286, 343 
RotuU 270 
Ru^osa 109ff 

RHsophyaii 63. 372fr. 11.15 

SabelMilfs 62 
Saaivoma 9.41. 297. 42.5 
Satlograpim 10.1, 318ff. 322 
Salenia 276 
Salpingoiioni.i H. 16 
Sallerellii 70 
SatKtacahs 416 
Safl377. 11.19 
SardHula 127 
Haphiies 247 
Scaphopcxla 199 
Schitaslet 284 
Sduiophona 182 
Scleracnnia 109, 12917 
Sclrrmponinj 86. H9IT 
ScoponcJm . 1 ..? 

8a>)Tma 430 

SfutW/mn 270, 380, 11.20 
Scyphocrinilfi 9.39, 296 
Scyphoaoa 104lf 
Sn nmnniu 300 
SdcHurmt 386 
Stiewpellis 375, 11 II 
Sepia 11.21.232. 252 
.Skiiamiiiii 217 
ShumatJia 11.19. 379, 382 
SiJneyia 12.2, 412 
Sifhcrrila 182 
Sijffli^diiu 327 
Siiwysiu 9.45. .301 


Sijthonia 88 , 4.6 

Siphoiwdftidnm 112, 113, 117, 120, 5 6 
5 7,5.10 
Siphonophora 104 
Siphiviolreta 177, 181 
Steam 12.6, 12.7, 419 
SkiagrapiiL': 328, 334 
.Skaliihos 426, 12.12 
Slimoiim /1.24, .39317 
Smitlitia 6.2, 14517. 150 
.Smilloidt'd 6.4, 6.5 
Sali mya 210 
Solemyidae 210 
Stolen 2 14 

Suinanteroidca 262, 28817 

Souvrhyella 182 

Spaungoida 270 

Spalangus 9.19 

SphM’rrxoehus 382 

Sphaoronitida 9.45 

Sphacrophtli.ilinus 11.8 

Sphim tnziia 92, 4 ,12 

Spinikosmoccras 8.25 

Spiraculata .306 

Spirifn 7.7, 175, 182 

Spiriferida 182 

.Spinvcw.i 249, 8.30 

Spirogmplus 10.13 

Spiivpom 1.52 

Spinilo 8.21, 232. 255 

■Spinilmsmna 254S. 8.32 

Sivndylm 8.10, 208, 216 

.Spongininorpliida 104 

Spomioithyllida 122 

.Sprijix'itm 60. 3.1 

SojuilU 399 

.Slouria 120 

Staiiriida 120 

Slounvyslites 9.45 

Slaurograptus 10.11, 327, .331,340 

StcUeroidea 262 

Stenoiismatac’ca 182 

Stenolacmata 147 

.Stereohsma 5.10 

Sorodoiita 270 

.Slolonodendmn 10.9 

Siolonoidea 328 

Siomalopom 6.10, 6 11. 149, 15217 
Slomeckinuf 270 
SlKpicUsma 120 
Stri-ptclasnutina 120 
Striatopora 124 
StrickUndia 182 
.Slriiigociphalus 183 
.SnonuiliKiinella 90 
Stromaloeysiiics 2S7, 9.32, 9.51 
.SiromalopomOl, 4.8, 4.9, 4.10 
StToiiiatoporoida 9017 
Strombus 224 
.Slrongylomilrolns 270, 9.25 
.Stropluvhoneirs 182 
Stmphodonta 182 
Siwphomena 7.11 


% 


StTophomenau 18117 
Strophomenida 164. 181 
Stylasteriiu 104 
Stylomirus .394 
Stylophiira 389 
Syminelmcnpuliis 8.18 
Syncarida .399 
Synziphosurina 391 
Syringopom 5.14, 12617 
Syringolhyri!, 5.15 

Tabulatonida 109, 118, 138 
Tabiilata 109. 12417 
TiKhiniongia 217 
Taenidtum 12,14 
Tarphyctms 235 
Tarsopicrella 11.24,393 
Tcalliocaris 11.27 
Tegopelle .380, 410 
Telephina .386 
Tellitu 210, 214 
Tellinacea 214 
Tcinrioplcuroida 278 
Tentacubtidac 229, 422 
Teraitupis .382 
Terthralella 183 
TmbraUih9. 7.12, 18.3 
Tcrcbratulida 159, 18.3 
Terrhratulina 7.3, 163, 179 
rfre4ii2IO,218 
Tctrabranchiata 230 
Telmcliiielitt 182 
Trltagmpius 327. 10.11, 332 
Tetmrhymhm 182 
Tciithiida 255 
Thalaisinoides 430, 12.14 
Thamnasieria 132 
Thaumopom 120, 124 
llmunMpiilon 61, 415, 12.4 
TImiimalohla.’itm .307 
Thecidra 18.3 
Tliecidcidina 183, 184 
Thecosmilia 132 
Thccospirida 182 
Theonoa 6.10, 152 
Thetis 210 
Tholiaslerella 4 .16 
Tibia 8 .18 
Tommoiia 3.2 
Tonimem.t 246 
Torreites 8.13, 217 
TmbecuUtes 124 
Traehomalichmtes 11.15. 372 
Trachylina 104 
Trepostomata 14817 
Tnmspis 11.16, 363 
T riarthiinae 384 

Triarthrus 11.13, 11.21, 367, .382, .384 

Tribrachidinni 60. 3 1, 287 

Trietphaiopora 9.9 

Tridaena 215. 217 

Ttigonia 208. 210 

Trigonioida 210 
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Trilobita 349, 351ff, 38(>ff 

IHiititcrinus 297 

IVaaxetwcaticha 182, 185, 7.17 

‘Trilobitoidca’ 410 

l^ndtwlus 182 

Waaf^enophyllum 120 

TrimereHa 173. 7.14. 179, 18! 

t/rtoCr-T 172 

Waltonia 170 

Trirncrellida 179, 181 

L/n((i210, 220 

H'aptta 412 

Trimerus / 1.6, 357, 382 

Unionidac 210 

IVeinbcn^ina 11.23, 390, 421 

Trinucleiiu 362fF. 11.9, 11. U) 

Uniramia 349 

VVihama 182 

rn«H*/f«s382, 11.20 


IVWaxia 4\3, 12.4 

Tri ops 60 

Vachoftisio 422 

IVocklunieria 246 

Triplesid 182 

227, 8.23 


Tristichofp^aptus 328 

Vakourea 182 

Xaniapyramis 391 

Trochocystites 3 \ 1 

181 

Xiphosiira 349 

Tmhurus 11.20 

yahpotigca 4.14 

Xiphosuhda 349 

Trochus 224 

Vauxia 4\S, 12.4 

Xystridura 11.6 

Troostivrinus 307 

Verna 199 


Tropitacca 247 

Vet 1 did 60 

Yorhfkumella 3.2 

Trybhdium 19*> 

Veneroida 203, 210 

Yoldh 8.12, 2\4 

Tryplasma 120 

IVfiw^aiO, 8.11,214 

Youn^thfliLs 254 

Tuhipora 5.3, 108 

I'erments 8.18, 227 


Tuboidca 328 

Vennindana 227 

Zacanthoides 380 

Tubuliporaca 149 

Viltehninaster 289 

Zaphrciitites I09tf, 5.4, 119. 120 

TnUimonstmm (‘Tuily momicrs') 422ff, 

Virgcllina 328 

Zoamharia 107IT 

12.9 

Vishyella 7.4. I63tr. 173, 182 

Ztwphyco.<i 42(>, 12.13, 12.14 

Turrititcs 247 

Vivipants 227 


Turrileih 8 18 

Volchotria 9.50 


Tyloadaris 9.15 

Valuta 224 



TylothYris 7.9 





General index 


Numbers in italics refer ro figures. 

Abiiral 264 
Absolute ages 6 
Abundance 14 
Abyssal 14 

Abyssal cnnoids 2‘>7ff 

Acanthostyles l.iO 

Accessory socket 173 

Accretion ID 

Acme (peak) zones 22 

Acritarchs 57 

Adanibulacral plates 289 

Adapical 264 

Adaptation 27 

Adaptive landscape 4(1 

Adaptive radiaticm 39, 47 

Adaptive strategies 36 

Adductor muscles (scars) 161, 205 

Adjustor muscle (scars) 161 

Adoral 263 

Adventitious avicularia 147 
Adventitious lobes 242 
Aeon 22 
Age 22 

Ager, lf.V.I«4, 187, 192 
Ahemiatypic corals 131 ff 
Alarfbssula l09 
Alar (A) septum 109 
Albeistadt, L.F’, 124 
Albritton, C,C, 73 
Alimentary prosopon 356 
Alleles 32ff 

Allison, I'.A. 15,255,407,425, 12, 

AUmon, W, D. 224 

Allometry 45 

Allopatnc speciation 34 

Alternation of generations I02ff 

Alvarez, L.W, 73. 77ff 

Alveolus 254 

Ainbitopic 164, 185 

Ambitus 263 

Ambulacra 264 

Ambulatory tube feet 263 

Ammomacal squids 2521? 

Ammonite septum 238 
Amocbocytes 85 
Ampulla 105. 265 
Anacbne 172 


(Syst.) IS a cross-reference to the systematic index. 

Anal (X) plate 295 
An.rl pyramid 301 
Anal tube 294 
Anaptychus (-i) 2451? 

Ancestnda 144 
Ancora 3.37 
Anisograptid launa .345 
Amsoniyarian 209 
Anispuacle 305 
Ankylosed sutures .359 
Aimeliiis 59 

Antagonistic muscles 161 
Antennae 351, .397 
Antennulcs 144) 

Anter 146 

Anterior ambulacrum (III) 278ff 
Anterior arch 354 
Anterior body wall 161 
Anterior border 352 
Antenor border furrow .352 
Anthracoitite 418 
Apatite 407 
Apertiiral spines 319 
Aperture (gastropod) 201 
Aphroid 114 

Apical disc 263, 276ff, 9.19 
Apodemes 350, 352 
Apophyses 274, 281 
Appendages 367 
Apsacline 172 
Aptychopsid 237 
11 Aptychiis (-i) 245tr 

Aragonite 4(F, 108, 115, 232 
Archaebactcria 55tf 
Archaeocyathans 18 
Archetypes 681? 

Archimollusc 68 
Areola 9.4 

Aristotle's lantern, see Lantern 
Articulating half-ring .3.5.3 
Articulating (pleural) facet 354 
Articulaunn (ctinoid) 297 
Ascon 86, 4.1 
Ascus 146 

Aseptatc diplograpnd 3341? 
Aspidobranch gills 224 
Assemblage 13 


Assemblage zones 21 
Association 13 
Astracoid 114 
Astrorhizae 91 
AtoUs 13.3 

Attachment tliscs 331 
Aulacophore 307 
Aiilodont lantern 280 
Auloporoid 126 
Aulos 115 
Auricle 281 
Autccology 7 
Authigencsis 4, 407 
Autoniobility 340 
Autotheca .3211? 

Autotroph 16 
Autozooecia 149 
Autozooids 108 
Aviculanum (-a) 146 
Axial column 115 
Axial furrows 3521? 

Axial increase 117 
Axial organ 254 
Axial ring 35.3 
Axial structure 109, 115 
Axial vortex 115 
Axis of coiling 8.6 
Axon 94 

Babin, C. 211 
Babcock, L.E. 107 
Back-reef facies 1.6 
Bacteria 1 
Baker, P. 18.31? 

Ball and sockef joint (Echinoidea) 266. 
9.4 

Ballstoncs 99 
B.dsam, W.L. 96 
Balson. P.S.I52 
Bambach, R.K. 219 
Bank 1.35 
Banta, W.C. 152 
Barbieri, M. 51 
Barghooni, E.S. 56 
Barker. M. 227 
Barrande, j. 377 
Barncr reefi 1.3.3 
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Barrington. E.J. 24 
Barthcl. K. 424 
Dosal place 108, 2*^) 

Ba-al (HR) plates 2<#lfr 
Bawctl.M. 184 
Bates. D.E.B. 338ff 
Bathurst. R.G.C. 208 
Bathyal 1 4 
Bathypeiagii' 14 
Batten. K.L. 227 
Bayer. F.M. 137.248 
Bed 20 

‘Bclcmnitc battlefields’ 254 
Bcieninitcs, see Bclcnmitida (Sysi.) 
Bell, B.M. 380 
Beiiia 184 

Bengtsun, S. 61,7('ff, 108, 413, 417 

Benthic assemblages (BA) 101 

Bciidiic (l>cnthos) 14 

Benton, M 20. 44. 50.76. 248 

Bergquisl, P R. 85 

BerptrAm. J. 67. 200. 370. 374fi 

Berry, W B N. 343 

Bidder. G.P. 87 

‘Bilobites’ 371 

Biogenic environments 17 

Biogenic silica 5 

Bioliemis 18, OSff 

Biomass UilT 

Biomcrc 22 

Biornolecular palaeontology’ 7 
Biostratigruphy 6. 2lHT 
Biostratinoiny 14ft 
Biostrome** 18, MSff 
Bioturbation 14 
Bioronc 21 

Biramous appendages 340, 351 
Uiscrial 205. 320 
Bitheca 321ir 

Bitter Spnnp Fonnation 56 

Blake. D.152. 280tf 

Blight, A. .md W 185 

'Blue-green algae’ (cyanobacteria) I 

Boardman, R.S- 143 

Bockclic, F. 300 

Body cavity 161 

BikIv chamber 230 

Body fossil 6 

Bonner, J.T. 26 

Boring and nestling bivalves 218 

Boscnce, D. 22 

Boucot, A 15, I7,73.1‘Hlft' 

BouTTclets 270 

Bowen.J. 

Boyd, [), 216 
Brachu 201 
Brachial canal 161 
Brachial (BrBr) plates 201ft 
Brachial valve 1 fifl 
Brachidium l6l 
Brachioles 291,301 
Brachiophore 164, 173 
Brachiophore bases 164 


Bradytciic evolution 470" 

Branchial chamber 230 
Hraaier, M. 64, 96 
Breiiner, A„ 299 
BrcncMey, P 13, 15, 75 
Brett. Ci:. 291.3W1 
Brevicoric 235 

Briggs. D.E.G. .348. 397, 399ff. 405. 

407ff‘. 424 
Brigp.J.C. 16 

Bnttle-stars, ree Ophiumidca (Syst.) 
Bromide Formation 300 
Bromley, R. G 4260" 

Brood-pouches 179 
Brouwer. A. 26 
Bmntoii, C.H.C. 158 
Bruton. I>. 365 
Buccal tubc-foet 285 
Buckcridge, J. 397 
Budd.G. 413 
Budding 117, 131 
Bull.E. E. 331 

Bulman. (3.M.B. 320ff. 339, 345 
Buoyancy 225ff. 244, 249 
Burgess Shale Fauna 41, 67, 368. 4(>9ff 
Burlington Limestone 29^4 
Burrowing bivalves 2141f 
Bumiwiiig cchinoids 267, 276tT 
Busk.G. 156 
Byssal notch 215 
Byssus 215 

C'adieoric 202. 241 
Caecum(-jc) 171. 240,356 
Calceoloid corallum 112 
Calcining 166 
Caldcr, S. 57 
Cahcc 109, 115 
Callomon.J, 244, 249 
Calyx 291 

Cainarodont lantcni 286 
C'ambrian ‘explosion of life’ 58. 641^ 
Cainerae (chambers) 230 
Caineral deposits 237flf 
Camcral liquid 235 
Campbell.J.H. 51 
Campbell. K.S.W.362. 365 
Campbell, N.S. 70 
Carapace 349fl' 

Cardclles 145 
Cardiac lobe 3HK 
Cardinal fossiila I0*.> 

Cardinal process I6l. 164ft 
Cardinal (C) septum 109 
Cardinal teeth 205 
Cardinalia 172 
Candoid 399 
Cannae 11 Ilf 
Cariiial plates 288 
‘Carpoids’ 307ff 
Carruthers, R.G. 119 
Carter, G.S. 39 
Carter. R M.256, 289 


Cast 4 

Catenifomi 126 
Cauda 318 

Cell structure 29tr, 2. / 

Cellular cpitlielium 161 
Sec also Mantle epitliehum 
Cementation 4 
Bivalves 215 
Brachiopods 185 
Centro-dorsal plate 291 
Cephabc fiinges 363ff 
Cephahe sutures 351 ff 
Cephalon 351,357fF 
Ccratoid 112 
Ccrci 368 

Cenoid llltf, 126, 5.5 
Chaloner. W C. 73 
Chambers 87tf. 232ff 
Character displacement 49ff 
Chattertoii. B.D.E. 379 
Chela(-c) 389 
Cheliccrac 349, 388 
Chemical Ibssil 6 
Chengjiang fmna 65, 413, 417 
Cherns, L. 176 
Chiexulub crater 77 
Chilidial plates 171 
C:hitiJi 324 

Chitinophnsphatic valves 158, 171ft 

Chlupac, 1.238,377 

Choanocytes (collar cclU) 85 

Chondrophorc 209 

Chromosomes 28IT 

Chronostradgraphy 20ft; 22 

Chronozone 22 

Cidaroid lantern 280 

Cilia 144, 161 

Ciliary tracts 144, 292 

Circum-oral ring 265, 286.292 

Cirri 291 

Cisne, J. 370 

Cladc 48 

Cladia 48 

Cladism lOff 

Cladogram 1.3 

Clarke.J.M. 289 

Clarkson, E.N.K. 42ff, 128, 226, 36ftff. 

375, 3H4ir. 399, 408, 424 
Class 10 
Clathna 328 
Clavulac 268 
Climate change 72 
Cloud. P.55 
Cnidaria 58ff. 102 
CmdodI 102 
Co-adaptation 128 
Coaptadve structures 365 
Coates. A. G. 121, 132, 137 
Cobb, V.R. 98 
Cobban. W.A. 243 
Cockle, see Cerastoderma (Syst.) 
Cocks, L.R.M. 188. 193, 386 
Coelom 66. 264 
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Coclomates 

Coxa 368tf 

Diffuse £^ciolcs 283ft' 

Coelomocytcs 160, 265 

Cracraft.J 11 

Dimorphism (Ammonoidca) 244ff' 

Coencnchyme ‘>7, 265 

Craig. G.Y. 15,176 

Dimyarian 206 

Coenosarc 104 

Cranidium 352 

Dipleunila 311 

Coeiiosteuni 91, 131 

Crawfordsville Limestone 299 

Diploblastit 65flf, 3,5,102 

Co-cvolution 43 

Cnmcs, T.P. 63, 426 

Diplograptid fauna 345 

Coiled shell morphology 20ff 

CrinoidaJ limestones 3(H) 

Diploid 30 

Collagen 324 

Crosscd-Iamcllar shell 207 

Diploporc 301 

Collar cells (choanocyres) 85 

Crossing canal 320 

Directive mesentenes 130 

Collectors (dctritas feeders) 16 

Crossing over 30 

Discoidal 113 

CoUins.U. 416ff 

Crowthcr, P.R. 326ff 

Discoidal enrollment 365 

Collum 328 

Crura 174 

Disscpimeiitarium 109 

Colonial corals 112^ 

Cruralium 173 

Dissepiments 95fr, 109, 115, 326 

Colonial integration 137ff 

Cryptorhombs 303 

Dissoconch 221 

Columella 115. 226 

Crystalline cone 351 

Dithyrial populaUons 334 

Columnals 291 

Ctenidial muscles 212 

Diversity 14 

Commissure (60 

Ctenophores 102 

Dixon,J.E. 133 

Common canal 319ff 

Curry. G.B. 158. 179, 184 

Dobzliamky, T.H. 26(T 

Community ecology 13 

Cuticle 349ff. 355ff 

Dodd.J.R. 15 

Compematrix 145 

Cuttle-bone 252 

Domes 356 

Competition 28, 49fr 

Cuttlefish 252 

Dominant alleles 33ff 

Complex crossed-lamellar shell 206 

Cuvienan organs 286 

Donmicrgues, J. 248 

Composite prismatic shell 207 

Cyanobacteria 1 

Donovan, D.T. 226, 289 

Composite tubercles 356 

Cylindrical corallum 11 2 

Donovan, S. K. 73, 184, 289, 299, 326 

Compound corals 112fr 

Cyrtocones 234 

Dorsal (pedicle) valve 160 

Compound eyes 360ff, 388 

Cystid 143 

Dorso-lateral plates 288 

Compound plating 278 

Cystiphragms 149 

Dorsum 238fl^, 241 

Computer modeUing 92, 340 

‘Cystoids* 299fr 

Dott, R.H.27 

Concentmtion deposits 405 


Double enrollment 365 

C'oncerted evolution 37 

Dactylozooid 105 

Doublure 352 

Conchiolin 205 

Daliiigwater, J.£. 355, 393 

Dover, G. 37 

Concretions 6 

Darwin, C. 26ff, 133 

Doyle, 1'. 253ff^ 

Concurrent range-zones 22 

Davidson. T. 187, 7.7 

Durham, J.W. 269 

Connecting nngs 235ff 

Dawkins. R. 26, 51 

Dumian. H. 329 

Connective sutures 359 

Dcbrcnnc, F. 96 

Dyer, B.P. 56ff' 

Conodontophorids 58 

Declined W.fi 

Dvsodont 208 

Cnnodonts 58 

Delthyrium 160, 171 

Dnk,J. 223 

Conservaoon deposits 405 

Dcitidial plates 160, 171 


Conterminant hypostome 359 

Deltidium 160, 171 

'Ears’ 215 

Continental shelf 14 

Deltoid (A) plates 304 

Ecdysis (moulting) 19, 351,377ff^ 

Continental slope i 4 

Demersal 14 

Echinopluteus larva 264 

Conus 316 

Demiplatcs 278 

Eckert, ) D 291 

Convergent evolution 12, 67ff’, 376 

Demipyramids 272 

Ecological niche 15 

Conway-Moms, S, 40Hfr 

Dendritic 339 

Ecological zonadon (corals) 133fF 

Cook. P. 64. 408 

Dendroid corals 112, 5.5 

Ecosystem 13 

Cooper, K. 331. 344 

Dental plates 16»4 

Ectocochlear 235 

Copc.J.C.W. 26, 42,210 

Denticles 164 

Ectoderm 65, 10215 

Copper, P.I22. 127 

Dentition 208 

Edge zone 128 

Coppice 135 

Denton, EJ. 232 

Ediacara fauna 5815, 408 

Coral ree6 19, 133ff 

Derived characters 11 ff 

Ekman, S, 16 

Corallicc 112 

Descartes, R. 362 

Eldredge, N. 11, 39, 48, 357, 385, 387 

Corallum 108 

Destna 88, 4.6 

EUes, GX 344 

Corals 102ff 

Desmodont 209 

EUipticone 8.21 

Core 4ff 

Detorsion 227 

Emig,C 177 

Cortical bandages 324 

Dcxiothecate 320 

Endcmicity 16 

Cortical fabric 324 

Diachronous 20 

Endocochlear 235 

Corttcal tissue 3221f 

Diagencsis 4. 407ff 

Endocones 236. 8.21 

Costae 130 

Dia.scem 4 

EndocycUc 266 

Costcllae 164 

Dichograptid fauna 336 

Endoderm 65, 10215 

Counter (K) septum 109 

Dichopore 303 

Endotaunal brachiopods 185 

Counter-lateral (KL) septum 109 

Dichotomous branching 331 

Endopunctaie shell 171 

Cover plates 286, 292 

Dicyclic crinoids 293 

Endosiphuncular structures 235 

Cowen. R. 150ff, 184, 296, 362 

Oiductor muscles (andscan) l6l 

Endoskelcton 348 
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Endospines 171. 7.U) 
Endostoma 392 
Endosymbiosis 56 
EngCNCr, T, 239 
Enrollincni 354, 3t>5fr 
Hnierori 102 
Entococl 130 
Entoscpu 130 
Eonothcni 22 
Ephyra larva 107 
Epilaima 14ff. 185 
Epiphpcs 280 
Epistoma 392 
Epithcca l08fF 
Epicheltuni 168. 7.10 
Epoch 22 

Equiangular spinl 201 tT 
Equilibnum species 153 
Equivalves 204 
Era 22 
Erathem 22 
Erben.H.K. 238 
Erdtmann, B.D. 331 
Ernst. G. 284 
Escutcheon 209 
Eubactena 55 
Eukaryotes 28, 2. t, 56 
Eulamcllibraiich gills 207 
Euryhaline 15 
Evaponccs 18 
Evolute 238, 240 
Evolution theory (4T 
Evolutionary escalutiun 44 
Evolutionary faunas 71 
Evolutionary rates 39 
Evolutionary taxomnny lOtV 
Evolutionary trends 48 
Exhalenr siphons 212 
Exococlc 130 
Exocyclic 265 
Exosepta 130 
Exoskeleton 348rt 
Exothccal outgrosvihs 96 
Exsert apical disc 276 
Exscit septa 130 
Extensitbnn fO.8 
Extensor muscles 354 
External mould 4tr, 167 
Extinction 48ff. 73ff 
Extratentaciilar budding 131 
Exuviae 377 
Eyes 

Cephalopoda 230ff 

Trilobita 36, 46. 352. 360rt' 

Facial sutures 352ir 
Facies 21 
Family 10 

Fasciculate 112, 126 
Fasdole 268, 284 
Faunal provinces I6ff. 385 
Feist, R. 43, 363 
FcO. H.B. 290 


Fenestrate septa 128 
Fenestmles 150 
Fibre fesciclcs 114tF 
Filibranch gills 207 
Filterers (suspeiistoti feeders) I 
Finney, S. 343 
Fisher, D. 390 
Fistulipores 301 
Fixigeiia 352 
Rxosessilc 185 
Flabeilum 388 
Flagellate chamber 87, 4.4 
Flagelluin (-a) 85 
Flatwomis 65 
Rcxible test 270 
Flexor muscles 354 
Flnonng plates 286 
Flower, R.Fl. 235 
Fluctuating sea levels 74 
riugel, E. 98 

Folded membrane smictures 296. 298fF, 
312,314 
Foliated shell 207 
Food gniove 268 
Food web 16 

Foot (Mollusca) 198. 205ft' 

Form genera 372 
Fonn species 372 
Formation 20 

Forto-, R.A.43. 192. 331,340, 348. 362. 
374,376 

Fossil LagerstStten 40511. 408ft' 
Fossilizaoon Iff, 1.1 
Foster. RJ. 281.423 
Founder principle 41 
Frakes, L. A.72 
Free-lying bivalves 215 
Free-lying brachiopods 185 
Frey, R.V. 426 
Fnnge-pits 363 
Fnngmg rccfii 133 
Frontal wall 146 
Functional morphology 7 
Fungi 57 

Funicmlar tube 143 
Funiculus 143 

Funnel-building (Echiiioidea) 268fF 
Furnish, H. 240 
Fursich, F.T.I5 
Fusellar tissue 318, 324 

Gale. A.184, 289 
CiaUicini, 1. 286 
Galloway, C.B. 50 
Gamete 30lT 
Gamodernc 34 
Ciape 214 

Garstang. W. 223. 397 
Garwood, EJ 194 
Gastrozooid 105 
Gee, H. 65,311 
Gcnal angle 352 
Gena! spine 363 


Gene ftow 34fr 
Generating curve 202 
Generative zone 169 
Generic name 9 
Genes 29tF 
Genetic code 29tif 
Genetic drift 35 
Gemculuin 335 
Gcmtal appendages 392 
Genital openings 390 
Genital plates 263 
Genital pores 263 
Genome 29 
Genotype 30 
Genus (-era) 10 
Geochronology 7 
Gcochronomctr>' 7.135 
Ghiold.J. 269 
Gill appendages 392 
Gill branch 368 
Gill ftlaments 205 
Gill.G.A. 132 
toll-notches 263, 281 
Gifts 263, 351 
Gilpin-Brown.J.B. 232 
Girder 363 
Glabella 352ff, 357fr 
Glabellar furrows 352, 357 
Glacssncr, M. 58ft, 65 
Gnathobases 349, 398 
Goldring. R. 2*81, 429 
Gonads 161,263 
Gonatopari.in 359 
Goniospires 295 
Goiiopore 301 
Gonothecu 104 
Goreau, T.E. 87. 89,132 
Gorgonians 108 

C;ould. SJ. 8. 39. 46, 50. 227, 228. 416 

Grant. R.E. 187. 191 

Graptolitc faunal sequence 344 

Graptolitic shale ^344 

Gray.D. 90 

Gray.J, 17.72 

Great brachial canal 173, 7.12 
Grooved teeth 272 
Grotringer. J. F. 61 
Group 20 

Growth lines UiO, 204 
Guard (bcleinnites) 254 
Gutierrez-Marco.J. 211 

Haa-s, W- 365 

Hatial 14 

Haeckel. E. 47 

I lacriial system 264 

Hallam, A. 16. 17, 26. 42. 73. 1H7 

Hamniaiin, W 365, 376 

Hammond. L.S. 176 

Haiikcn, N.M. 394fF 

H3ntzschel, W, 426 

Haploid 31 

Hardgrounds 215 
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Hardy-Wcinbcrg equation 33 

Hughes. C.P. 386 

Isnuiyarian 209 

Harlaiid, W.D. 20 

Hughes, N.F. 17 

kopygous 367 

Harper, D.A.T. 10. I75, iy3 

Humatiporcs 303 

Iterative evolunon 247 

Harper. E. 205.215. 250 

Hiimatirhombs 303 


Harper, J.C. 426 

ffumboldt current 16 

Jack-soii, U.£. 

Hartman. W.D. 87, 89 

Hunkapiller, T. 37 

Jacksoii,J.B.C. 99, 121, I5.S 

Hawkins. H.L. 277 

Hunsruckschicf'cr 102, 235, 238, 255, 

Jii kson, T.S. 270. 280 

Hayward. P.J. 153 

373, 420tT 

Jacob, P. 20, 36 

Head-foot 222 

Him,J.E.334 

James, N.P. 96 

Heckcl, P. 99 

Huxley,J. 26 

Jaws (Cephalopoda) 245 

Hcetocotylus 232, 252 

Huygens, C. 362 

Jefferies, R.P.S. 209, 218, .308ff 

Hedberg.H.n.2I 

Hydnophoroid 128 

Jell.J.S. 138 

Hedgpcth.J.W. 24 

Hydranth 104 

Jell, l>.A.138.356 

Helical coiling 20Ilf. 224 

Hydroid-scrpulid symbiosis 105 

Jellyfish, seeScyphoaoa (Syst.) 

Hennig, W. 11 

Hydroporc 286, 301 

Jensen, S. .374 

Henningsinoen, G. 377, 384 

1 lydrospiraculiim 305 

(epsen. C.L. 52 

Hcnr>-,J.-L. 365flr, 377 

Hydrospires 304, 9.47 

Jerre, F. 107 

1 lennaphrodite 223 

Hydrostatic skeleton 66. 384 

Jet propulsion 229 

Hermatypic corals I31tr 

Hydrothcca 104 

Johnson,J.G. 48,217 

Heterochronous homeomorphy 168 

Hyolitlielminthids 61 

Johnson. R.C. 405 

Heterochrony 41 fT 

Hyolithids 61 

Jointed appendages 347 

Heterodoiu dentition 205.208 , 

Hyperclinc 7 .11 

Jones, J.S. 229 

Heteromorphs 238 

Hyponomc 230 

Joysey, K.A. 307 

Heteropygous 367 

Hyposfomal sutures 359 

Juguni 15. 175 

Hetcrostclc 307 

Hypostome 352 

JuU.R.K. 117 

Heterozygi>tc 33 


Jumping genes (transposons) 34 

Hewitt. R. 233, 243 

Ichnology 7 


Hill. D. 122 

Impendent hypostome 359 

Kanazawa. K. 285 

Hinge and articulation 

Implosion 226, 245flr 

Kaufnunn, R. 385 

Brachiopods lOOfF 

ImpunctaU' shell 171 

Keel 238 

Bivalves 20.Sff 

Indivisoid 114 

Keeled teeth 280 

Hinge plate 205 

Iiidasinal mclanisni 36 

KeUy, S. 219 

Hjpkiii, R.G. 136 

Inequilateral 158 

Kennedy. W J. 243 

Hiniantian glaciation 193. 387 

Infauna 158 

Kcmiack. K.A. 284 

Ho. M.-W,5I 

Infaunal siphon-feeding 213 

Kershaw. S. 92 

Hoffman, A™ 26 

Inffabasal (IBB) plates 293 

Kcslmg, R. 303 

Holaspis 379 

Infraradial (IIHI.) plates 294 

Kicmenplattcn 392 

Holland. C.H 74, 230, 233fF. 254 

Infundibuliform tabulae 126 

Kier, P.M. 269ff 

Holm. C. 392 

Ingham.j.K. 142 

Kirk. N. .3.39 

Holmcr. L.E. I77ff 

Inhalcm siphons 213 

Katcher, D. 27 

Holochroal eye 3600* 

Inhentance 280" 

Kjellcsvig-Waering, E. 397 

Holustonuious 226 

Initial bud 320 

Klovan.I E. I23ff 

Holotype 9 

Ink sac 232 

KnoU, A.H. 56, 58, 63 

Homcobox .38 

Insen apical disc 276 

Koch, D.L. 287 

Homcoddtidium 179 

Incerambulacnim (-a) 263, 279 

Kozslowski, R. 320ff, 329, .339 

Homeomorphy 152, 168 

Intcrarca 164, 172 

Krebs.W. 122ff 

Homeotic genes 38 

hucnial mould 40* 


Homogeneous shell 206 

Interpleural furrows 354 

La Barbera, M. 188 

1 Ionu>logous chromosomes 30 

Interradial suture 9.13 

Labial palps 205 

Homology 10 

Imenhecal septum 10. t 

Labruin 268 

Homozygotes 32tF 

Interval zones 22 

Ladd. H.S. 132 

Hood (Nautilus) 230 

Intervallum 83 

Lagaaij, R. 155 

Honked thecae 336 

Interzooidal avicularia 147 

Lamarck, J.B. 27ff 

‘Hopeful monster 46 

Intratcntacular budding 131 

Lamp-shells, set Brachiopoda (Syst.) 

Horizontal collecting bowl 286. 299 

Introiorsion 335 

Lancet plates 309 

Horizontal stipes (extensifonn) lO.H 

Involute 238 

Landman, N. 230 

Horotelic evolution 47 

Indium layer 77 

Lane, P. D. 377 

Horseshoe cTab, see Linmlus (byst.) 

Ironstones 3 

Lang, W.n. 118 

Horvath, G. 362 

Irregular echinoids 267ff 

Lantern 263, 280ff 

Motwells Limestone 227 

Irregular gastropods 229 

Lappets 238 

Hou, X. 413 

Isodont 208 

Lardciix, H. 229 

House, M. 244 

Isolate thecae 336 

Larsson, K. 229 

Hudson, J.D. 219fr 

Isolation 35fr 

Larwood, G.P. 73, 148ff 
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Ulteral border furrow 352 
Lateral increase 117 
Lateral teeth 205 
Latex replication 166 
Lawson,JT). 190 
Laynun, M. 8.8 
Lebrun, P. 354 
Left valve (Bivalvia) 204 
Lehmann, U. 245 
Lenhoff, H.M. 132 
Lennon. C. O. 217 
Lcucon (rhagon) 87, 4. / 

Lcvinton,J. 26 
Lcvi-Setti, R. 354, 362 
Liberosessilc 120, IBS 
Librigena 352 
Licari, C.R. 56 
Ligament 205tF 
Ligament pit 205 
Liljedahl, L.219tr 
LindstrOm. G. 352 
Lincistr6ni, M. Ht8 
Linnaeus, C.G, 8 
Limlcy, R.M. 202 
Lithihcation 2 
Lithostratigraphy 20tf 
Littoral 14 

‘Living fossiU^ 48. 176 

Llandovery brachiopod asseinbUges 189 

Lobatc thecae 336 

Lobes (ammoniic sutural) 242 

Lobopods 412 

Lockley.M. 13. 188 

Lu^nthmic spiral W. 201 

Longjeone 235 

Lophophure 67. 143, I5H, I73ir 
Luemoid 8.11 
Lunaria 150, 6.12 
Lung-books 351 
Lunule 209,268 

McAlesicr.L. 212 
McGhee. G 73, 75, 24H 
McKcrrow, S. 15,17, 188. 194. 386 
McKinney. F. 41,46. 155 
McLaughlin, P. 397 
McLeod. N. 77 

McMenamin, M. and D. 57, 60, 64 
McNamara. KJ. 41, 46fr. 377. 38o 
Macroconclis 244 
Macroevolution 398", 44 
Macropleural spines 379, 11.19 
Macropygous 367 
Macula (-e) 352 
Macurda, D.B.306 
Madreponte 263 
Makowski, H. 244 
Malvino-Katfric province 386 
Mamelnn 90, 9.4, 273 
Mandible 348. 397 
Manning. P. W. 392 
Mantle l6lfF, 197fF 
Mantle canals Kil 


Mantle cavity 161, 197 
Mantle epithelium I6t 
Mantle fusion 212 
Manton, 5.M. 348fr 
Manubnuin 103 
Marginal plates 288 
Marginal sutures 359 
Marginarium 116 
Margulis, L. 57 
Marsupiac 281 
Martin, D. 234, 407 
Massive corals 112, 126 
Matthews, S.C. 61 
Maxwell, W. D. 76 
Maxwell, W.G.H. 133 
Maynard-Smith.J. 26 
Mayr, E. 26 

Mazon Creek Fauna 422ft 
Meandroid 128fr 
Median suture 359 
Medusa 58, 102ff 
Mega-evoludon 45 
Megascleres 94 
Meiobenthos 68 
Meiosis 3(HF, 2.3 
Melville, R. 269 
Member 20 
Mendel, G. 28 
Mcraspid 378 
Mesenchyme 87 
Mesenteries 102ff 
Mesoderm 65, 262 
Mesodermal skeleton 262 
Mesogloea I02fr 
Mcsosonia 392 
Mesozooecta 149 
Mctachrorial rhythm 372 
Metapanan suture 359 
Metasepta 108 
Mctasicula 318 
McCa.soma 392 
Metastoma 392 
Mctatheca 319 
Metazoans 58fi^ 

Meteorite impact 73fF, 251 
Microconchs 244 
Microevolution 380" 
Micropygous 367 
Microsclercs 94 
Middleniiss, F A, 17 
MiUcr, A.K. 8.24 
MiUer.J.356.362 
Milsom, C. 297. 331 
Mineralized skeletons 65 
Minton, R.P. 218 
Miomerid, 367 
Missarzhcvsk>’, V. 62 
MitchcU.C.H.318. 326.333 
Mitosis 30ff. 2.2 
Model giaptolices 340ft' 
Modes of evolution 38fF 
Modes of increase (corals) 117 
Molecular drive 37 


Molecular genetics 37 

MflUbos bivalves 219, 8.15 

Monaxon 88 

Moncra .57 

Monobasal 277 

Monocyclic crinoids 293fr 

Monograprid launa 345 

Monomyarian 209 

Monophyly 12 

Monticules 128, 152 

Morphology 8 

Morse, J.W. 64 

Mortensen, T. 269 

Moulds 4flr, 165 

Moulting (ecdysis) 35Iff. 3770" 

Muir-Wood, H. 179 

Muller. K J.413ff 

Multigene families 37 

Multiramous graptoloids 332, 340 

Mural pores 126 

Muscatine, L. 132 

Muscle plartbrms 173 

Muscle scan 162 

Musciilo-epithclial cells 102ff 

Mutation 33ff 

Myophore 173 

Myo.straciim 207 

Nacreous shell 207 
Natant hyposioiiie 359 
Nathorst, A.G. 372 
Natural selection 28flF 
Nauplius larva 397, 12.7 
Neknc (nekton) 14 
Ncnia 318 
Nematocyst ]02fl* 
Neo-l^arwiiusm 27flr 
Ncoteny 41 
Neotype 9 
Nepliridiuni 161 
Neritic 14 
Neuman, B. 121 
Nielsen, C. 67 
Nitecki. M,422 
Newell. N O 18 
Nichols. D. 284.313 
Non-strophic shell 163 
Notothynum IM 
Nudds.J. 117 

Nudibranchs (sea-slugs) 224 
Numerical taxonomy U^ftr 

Obar. R A. 56 

O’Brien, G.D. 99 

Occipital furrow 352 

Occipital nng 352 

Octopi, se€ Cephalopoda (Syst.) 

Ocular plates 263 

Ocular pores 263 

Ocular ndges 357 

Ocular suture 361 

0‘Dor. R. K, 233 

OUver. W.J. 126, 137 
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Onuiuddia 360 
Ontogeny 179 

Operculum 112, 145, 223.3K8 
Optic. A. 356 
Opwthogyral 209 
Opisthupanan sutures 359 
t )plsthosoma 388, 392 
Opportunistic species 153 
Order 10 

Organelles 28. 2.1, 56 
Organs of Pander 367 
Origin of life 55 
Orlowski. S. .374, 11,15 
Ortniston, A. 387 
‘Orsten’ 418fF 
Orthoconcs 234 
Osculum 85 
Osgood. B..G. 372fr 
(.Hphradia 223 
Ossicles 29 1 
Ostia 85 
Ovicells 145 
Ovipositor 392 
Owen, A. W. 375 
Owens, R.M. .362 
Oxycone 24 1 

Oystcis, see Ostreina (Sysr.) 

Pachydont 209 
Packard. A. 252 
PaedomorphoMs 41.36.3 
Palaeobiogeography 7 
Palaeubiolugy 1.3 
Palaeocotnmunities 1.3, 188 
Palaeoecology 7. 13,184 
Palaeohetcrodont 209 
‘Palaeontological bonanzas' 406 
Palaeontological reby 248 
Palacotaxodoni 208 
Pabeoteiiipcraiure 254 
Pabeozoogeography 7 
Pab 130 
Palintrope 160 
Pallial line 205 
^ Pallial sinus 205 

Palmer. A.R. 22. .379 
Palmer, T.M. 98 
Palpebral ,352, .361 
PALSTAT 13 
Pandenan openings 367 
Paper-nautilus, see Argonauta 
Papube 289 
Parablastoids 314 
Paracrinoids 314 
Paragastcr 85 
Paraphyly 12 
Parapueba 60 
Paratype 9 
Parazoans 85 
Parricidal budding 117 
Parvicostelbe 7.3 
PatcUate 112 

Paul, C.R.C 42,70, .30ltr. SlOff 


PAUP 12 

Peak (acme) zones 22 
Pearly nautilus, see Nautilus 
Pectiiubrancb 224 
Pcctinirhombs .VJ3, 9.46 
Pectocaulus 329 
Pcdicellariae 266 
Pedicle 160, 171 
Pedicle foramen 160 
Pecbcle opening 160, 171 
Pedicle (ventral) valve 16<t 
Peel.J S.417 
Pelagic 14 
Pendent 10, S 
Pennatubceans 58 
Pcntameral symmetry 262fF, 313 
Peraniorpbosis 41 
'Perched faunas' 48 
Perforated septa 132 
Periderm 318, 322ff 
Pengnathic girdle 264. 280 
Periliaemal system 264 
Period 22 

Pen-oral (POO) plates .301 
Pen-oral nng 286 
Penostracal brush 168 
Periostracum 168, 205 
Penphcral increase 118 
Peripheral isobtes 34 
Peripore .301 
Periproct 263 
Pensarc 104 
Pen.stonie 263 
Pcristomial plates 286, 289 
Pemiian reef-complex 18, 191 
Permineralization 5 
Per-radial suture 263 
Petaliiid ambubera 267ff 
Petersen, C.G.J. 15 
Phaceloid 112, 5.4 
Phaselus larva .379 
Phenctic 111f 
Phenotype 30 
Philip. G.M. 281 
Phosphatizatinn 6, 407ff 
Phragmocone 24i3, 254 
Phylctic graduabsm 39ff 
Phyllodes 279 

Phylogenetic systematics 11ff 

Phylogeny 11 

Phylum (-a) 10 

Pickerill.R. 13,427 

Pinacocytes 85 

Pinacoderm 85 

Pinnate 331 

Pinnules 291 

Pbnispiral 202 

Pbnknc (plankton) 14 

Plano-convex shell 164 

Planub 104 

Planubte 241 

Plastron 268 

Pbtycone 202 


Pbyford, G. I23ff 
Plectolophe 175 
Pleiotropic genes 30 
Plempeduncubte 185 
Pleural (articulating) beet 354 
Pleural field 354 
Pleural furrow 354 
Pleuron 354 
Plocoid 128 

Podia (tube-feet) 263. 276 
Podomercs 368 
Pogonophorans 58 
Pojeta.J. 210, 221 
Polygenes 30 
Poijmerid .366 
Polymorphism 12, 1.37 
Polyp 102ff 

Polypary (rhabdosome) 319 
Polyphyly 12 
Polypidc 14(> 

Polyploidy 3.3 
Polystoinodaeal 131, 137 
Poplin, C. 424 
Pore-canals 356 
Pore-pairs 263, 276 
Pore smicnires ('cystoids') 303 
Porocytes 85 
Popov, L.E. 177 
Post-abdomen 392 
Post-adaptation 46 
Poster 146 
Posterior border 352 
Pre-abdomen 392 
Pre-adaptation 46 
Preebtion 255ff 
Primary consumers 16 
Primary notch 319 
Pnmary producers 16 
Pnmary shell layer 168 
Printibrachs 9..1S 
Primitive characters 11 ff 
Proboscis (Gastropoeb) 223 
Prochoanitic 238 
Proebne 7.12 
Progcnesis 41 
Prokaryotes 55 
Pro-ostracum 254 
Proparea 177 

Propaiian sutures 352, 357 
Prosepta 109 
Prosicub ,318 
Prosogyral 209 
Prosorna 388, 392 
Protaspis 377ff 
Protegulum 160, 179 
Protheca .319 
Protobranch gills 207 
Protoconch 201 
Protocorallite 117 
Protoctista 57 
Protosepta 108 
Protozoans 57. 85 
Proximal end .333ff, 10.12 
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PscudodcUidium 7 
Pseudo^rdcr 364 
Pscudcnnterarca 17^ 

Pseudopodu 57 
Pscudopuncutc shell 173 
Pscudotubercles 35(» 

Ptert>pi>d 228 
Ptyrholophf 175 
Punctac 171 

Punctuated equilibria 4^^ft 
Pupifonn fi. 

Pygidmm 351 
IVranudal coralluni 112 
Pyramids 280 
Pynle 5 

Quadnradinte 327 
Quantum evolution 40 
Quasi-infaunal 1K7 

Raabcn, M.E. ‘^7 
Raosch, G.O. 301 
Rabanu. I. 376. 

Racheboeut. P. 191 
‘Racial senescence* 250 
Radial (RR) plates 201 
Radial water vessels 265. 202 
Radianal (ICA) plate 294 
Radiometnc dating 6. 23 
Radul .1 222.245 
Radwanski. A. 1/.15 
Raff, R.A. 67 
Ramose 126 

Ranwbottoin, W.H.C. 9.3ft 

Ramskold, 1.. 413 

Range zones 20 

Rates of evolution 39tf, 47 

Raup.D.M, 202. 243 

Rawson, P F. 24 

Raymond, P.E. 367 

Razor shell, see Soten. f:usis (Syst.) 

Recapitulation 47 

Recessive alleles 33lT 

Reclined 10.8 

Recombination .32 

Recrystallizacioii 4tT 

RectiiTiarginate 167 

‘Red Queen’ hypothesis 44 

Rccfnff, I23.'l33ff. 15.S 

Regnt’ll. Ci. 314 

Regular echinoids 266tF 

Rad. R.n.l l.K7fr 

Reif. W. 2tl, 22H 

Rejuvenescence 5.17 

Replacement 5 

Reproductive isolation 34tT 

Reptatu 126 

Resihum 218 

Resorption foramen 319 

Respiratory trees 286 

Rctrochoariitic 238fr 

Retroversion 336 

Rhabdosome 319 


IQiagon (Icucon) 87, 4.1 

Rheophilic 298 

Rheophobic 298 

Rhizopedunculate 185 

R^hoacts. D.C. 64 

Riclurd-son. E.S. 406 

Richardson,JR. 187,424 

Rickards, R.B 320. 326. 331.334, 336ff. 

341 

Rider. 1. 150 

Riding. R. 105 

Ridley, M. 12,26 

Rigby. j.K. 83, 98ff 

Rigby, S. 329flr. 331.341,343 

Right valve (Bivalvia) 204 

Riggs. E.A. 187 

Robison, R. 376, 380. 416 

Rolfe,W.D.1.349 

Rong,j.-Y. 75, 193 

Roniewicz. P. M J5 

Roseiikrantz, I). 290 

Rostral plate 359 

Rostral sutures 359 

Rostrum 172 

Rowe, A.W. 282 

Rowell, A. 183 

Rudistid bivalves 19. 208 

Rudwick, M.J.S. 19. 167ff. I73fr. 184. 

192 

Runnegar, B.200. 210, 221 
Ryan, P.P. 13 
Ryland.J.S. I47ff. 152tf 

Saddle (sutural) 242 
Salinity 15ff, 4t)7 
S.iiid-dollars 2688 
Sanitary tube 265 
Saunders, P. P. 51 
Saunders, W.U. 230 
Savazzi. E. 202, 213 
Scalarifomi view 332 
Scallop, sff Pcctcn (Syst.) 

Scandent320, \0.\8 

Schafer. W. 12. 426 

Schindel, D. 42 

Schmdewolf. O. 250 

SchizochroaJ eyes 36. 46,352, 362fi 

Schizixlont 208 

Schizolophe 174 

SchmaMiss, H. 355 

Schopf.J.W. 56 

Schram, F.R. 398. 422nr 

Schulz, P. 73 

Sclcntes 285. 351» 

SclcrobUsts 87 
Scoffin.T.P 99. 127, 133 
Scolecoid 112 
Scorpions 388 
Scotcsc.C.R. 17, 193.386 
Scrobicular tubercles 274 
Scrutton.C.T.105. 108, 126ff. 136ff 
Scvphisioma 107 

Sea-anemones, see Hydnizoa (Syst.) 


Sca-cucumben, see Holoihuroidea (Syst.) 
Sea-level change 72 
Sea-pens, >fr Pennatulacea (Syst.) 
Sea-slugs, set Nudibranchia (Syst.) 
Sca-urchias, see Ecliinoidca (Syst.) 
Secondary shell layer 168 
Secundibrachs 9.3A’ 

Seilachcr, A. 59ff. 26ytr, 290. 300. 373ff. 

405tf. 426tiF 
Scldeii. P. 394 
Selective advantage 33lf 
Selcnizone 226 
Scnsillae 356 
Scpkoslu. j tt9. 71 
Septa 95. lOSff. 115.203 
Septal duting 242if 
Septal neck 232 
Sepiibranch gills 207 
Senes 22 

Scrpcnoconc 8.25 

Sevastopulo, G. 293 

Sexual dimorphism 12. 344 

Sheehan, P.M. 75 

Sheet fabrics 324 

Sheldon. P.R. 26, 42. 380. 385tr 

ShergolJ, j. 64, 408 

ShielU.K, 187 

Sibling species 12 

Sicula310 

Side plates 305 

Sihca 4, 5, 407ti‘ 

Silver. E. 73 

Simms, M. 76, 293ff. 296. 300 
Simonetta. A. 408 
Simple prismatic shell 207 
Simple thecae 335,, iO. 1 /, 10.14 
Simpson, G.C. 26. 39 
Simpson, S. 426 
Siphonal canal 232 
Siphonai tube 232 
Siphonostoiiiatous 226 
Siphonozooid 137 
Siphons 2(K) 

-SiphuiK ic 230 
Sister grou|>s 11 

Skelton, P.W. 26, 42. 217. 256 
Skevington, D. 343 
Skinner, I5.J. 15 
Slit-band 225 

Slugs, see CJastropoda (Syst.) 

Small shelly fossils 6Iff. 71 
Smith. A.B. 12. 263fr. 269. 276. 280. 
286. 31 Off 

Snails, see Gastropoda (Syst.) 

Sockets 164. 205 

Sohl. N.F. 216 

Solitary corals I04fr 

Solnhofcn Limestone 297, 424ft' 

Sorauf.j.E.lH, I28fr 

Spadix 232 

Speaes 6, 8ff 

Species selection 44 

Specific name 9fr 
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Spermatophorc 232 
Speyer, S. 379(7 
Spluerocone 241 
Sphendia 266 
Splicroidal enroUmein 365 
Spicules 85. 88fF, 108 
Spiracle .304 
Spirilla 185, 7.7, 7.U 
Spirolophc 175, 7.12 
Spjcldnaes, N, 10,7 
Spondyliiim 173 
Sponge ree& 98B 
Sponges 65, 85fF 
Sponge-spicules 88(7 
Spongiii 85 
Spreite 426 
Sprinkle, J. 263, .3(K) 

Squiinulic 126 

Sijuids, see t.eplialopoda (Sysr.) 

Squires, D.F, 135 
Stabilizing selection 35 
Stage 22 

Stanley, S.M. 26(7, 44, 48, 70, 102, 112(7 
243 

Stanton, R..J. 15 

Starfisll, see Asleroidea (Syst.) 

'Starfish beds’ 290 
Statistical methods 12 
Steam, C.W. 91(7, 105 
Steams. S.C. .36 
Stcclc-Fetrovic. H. 176 
Stcgidiuin 172 
Steiger. T. 98 
Steno, N. 20 
Stenolialine 15 
.Stenzel, H.B. 215 
Stephenson. D O. 285. 290 
Stereom 1.30 
Stereozone 115 
Stemite 350 
Stipe 320 

Stirodoiit lantern 280 

Stitt.J. .365, 376 

Stockton, W.362 

Stoddard, D.C. 1.32 

Stokes, R. 284 

Stolon 322 

Stolotheca 321 

Stoniodaeuin 107 

Stone canal 265 

Stormer. L. 356,363. 367, 394 

Stratigraphy 20 

Stnekberger. R. 26 

Stndsberg. S. 2.37, 241 

Smmple, H.L. 287 

Strobilation 107 

StroniatoUtes 18. 57 

Strophic shell 163 

Stubblefield, C.J. 359 

Stunner. W. 102. 235, 290, 370, 420(7 

Sub-anal Eisciole 268 

Sub-petaloid 269 

Subspecies 10 


Subzone# 22 
Sudbury. M. 336 
Sulcus 168 
Superphyluni (-a) 10 
Superposition 20 
Suprarachal (SSR plates) 294 
Suranal plate 276 
Suspension feeden 16 
Sutural angle 8.24 
Suture line 230, 351 
Sutures 230,241(7,351 
Swallowers (deposit feeders) 16 
Swan, A, 92. 248 
Swedish Upper Cambnan 415 
Swimming bivalves 217 
Sycon 86. 4 .1 
Synipatnc 49 
Symplesiomorphy 11 
Synapoinorphy 11 
Syitapticiilae 1.30 
Synecology 7 
Syiirhabdosonics .345 
System 22 
Sysleitiatics 817 

Tabcllae 115 

Tabulae 91, 109, 114. 124 
Tahulariuiii 109 
7 jchytelic evolution 47 
Talcolac 164, 171 
Taphononiy2, 14 
Tisch, P. 295 
I axa 6 

Taxodont 208 
Taxononiv 6(7 
Taylor,J.D. 8.8 
Taylor, P D. 152(7 
Teeth 164.205 
Tcgnien 295 
Teichert, C, 74 
T elopoditc 368 
Tclson 388 

Temporal polymorphism 102(7 
Teiitaciilinds 229, 422 
I’crgitc 350 
Terrace ndges 356 
Test (corona) 26.3 
Tetrabasal 277 
7etnuxon 88 
Thamnastcroid 114 
Thayer. ( ;.(i9, 176, 185 
Thcea(-e) 286,318 
Thicket 135 
Thomas, A.T. .377.388 
Thomas. R.D.K. 20.213 
Thompson. d’A.W. 19, 201 
Thompson. 1. 422 
Thorax 531 
Thorson, G. 16 
Tiegler, D. 355 
‘ToasOng-lbrk’ evolution 248 
Tommotian 58 
I'ommonids 61 


Tooth-shells, see Scaphopoda (Syst.) 
Torsion (Gastnjpod.i) 223 
Towe, K.M. 324. 355 
Trabeculae 88,114 
Tracc-fossiLs (ichiiofossils) 6, 426(7 
Tracheae 351 
Transitory pygidium .378 
Trewm, N.fl. 428 
Triangulate thecae 3.36 
T ribasal 277 

Trilobite eyes 36, 46, 360ff 
'Tnlobitc larva' (Umulus) 390 
Triploblastic 65, 3..? 

Trivi.il (specific) name 9 
Trochifomi 8.18 
I'rochoid corallum 112 
Trocholophe 174 
Trochophore larva 67, 144, 223 
Trophic 16(7 
Trueman, A.E. 250 
Tube-(ect (podia) 263, 276 
Tubercle .356 
1 urbinatc 112 
Turkana Basin 229 
Type specimens 9 

Ubaghs, G. 309ff 
UmbiheuB 226, 24(t 
Umbo(-nes) 160, 185, 204 
Underwood, C. .342 
Uriirairious appendages 349 
Univalve shells 200 
Urb.iiick, A. 318. .324.337 
Utica slate 370 
U-tube 424 

Valentine, J.W. 26 

Valves 158, 205 

Van Iten, H. 107 

Van Valcn, L. 44 

Vanes (graptolite) 339 

Varangian glacunon 57, 58, 63.72 

Variation 2817 

Varices 225 

Vaughan, A. 135 

Veliger larva 223, 8. / 7 

Velum 223 

Vendozoans (41(7, 71 

Venter 2.38 

Ventral (pedicle) valve 160 
Vcmieij, G. 44. 255(7 
Vcniictilbnn gastropods 228 
Verori.J. E. N. 131(7 
'Vertebrae' (ophiuroid) 290 
Vertical filtration fan 298 
Vertical plates 164 
Vesicular dissepiments 132 
Vibraculum (-a) 146 
Vicanous avicTilana I4(i 
Vidal. G. .58 
Vincular (urrow .365 
Virgaha 289 
Virgella 318 
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Virgula 319 
Virgular fabric 324 
Visceral mass 198 
Vivianite 407ff 
Vogel, S. 96 
Vosburgh, F. 132 

Wade, M. 59fr, 107 
Walcott, C.D. 409 
Walker, K,R, 124 
Walossek, D. 420fF 
Walter, M.R. 57 
Ward, P. 230ff, 251 
Water vascular system 262 
Waterston, C.D. .392ff, .396 
Watson,J.E. 187 
Wax-modcUing 322 
Webers, G,F. 260 
Webster, C.D. 299 
Weedon, M. 228 
Wclls,J.W. 120, 132, 136 
WeUs,M.J. 233,251 
Wendt, J. 115 
West, R.R.15 
Westergird, A. 384 


Westermann, G. 233ff, 243, 251 
Westrop, S. 73,376fF 
Whelk, see Buccinum (Syst.) 
Whittaker, R.H, 57 
Whittington, H.D. 73, 354, 359, .365, 
367,377, 408 
Whorl 201 
Wiedmaim,J. 250 
Wignall, P. 300 
Wilbur, K. 206 
Wilby, P. R. 407 
Williams, A. 158, 168 
Williams, H, 332 
WiUiams, L.A. 424 
Williamson, D.l, 67 
Williamson, P. 42, 229 
Willmer, P. 12, 64, 66 
Wills, L.J. 392 
Wilmot, N. 355fr 
Wilson,J,B, 108 
Wiman, C, 320ff 
Wood, E.M.R. 345 
Wood, R. 92ff, 99 
Woods, H. S.IO 
Woodward, H.B. 349 


‘World-instant’ (chronozone) 22 
Wright, A. 182 
Wright, J. 273 
Wright, S. 40 

X-radiography 42 Iff 

Yancey, T.E. 218 
Yochelson, E, 70, 200, 210, 226 
Yonge, C.M. 132ff 
Yudomian 63 

Zangerl, R. 424 
Zhang, X,-G. 360 
Zhuravlev, Yu A, 88, 99ff 
Ziegler, A,M. 15, 188 
Zig-zag commissures 168 
Zoarium 143ff 
Zone 20ff 
fossils 20ff 
Zooecium 143ff 
Zooid 143, 320 
Zooxanthellae 121, 131 ff, 215 
Zygolophe 175 



